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GROUND-WATER RESOURCESIN THE WHITE
AND WEST FORK WHITE RIVER BASIN, INDIANA

INTRODUCTION

Water is a vita resource that greatly influences Indianas
socio-economic development. Ground-water supplies serve a
diversity of human needs, including public supply, industry,
power generation, and agriculture. Demands on the ground-
water resource are increasing and are expected to continue to
increase as Indiana's economy and population continue to
grow. Effective management of the ground-water resource is
possible only through an assessment of ground-water avail-
ability.

Purpose and Scope

This report describes the availability, distribution, and qual-
ity of ground water in the White and West Fork White River
basin, Indiana (figure 1). The report is intended to provide
background hydrologic information for persons interested in
managing and developing the basin's ground-water resource.

The White and West Fork White River basin in central and
south-central Indiana spans the mid-section of the state. As
defined in this study, the White and West Fork White River
basin encompasses a total of approximately 5,600 square
miles (sg. mi.) of land, or approximately 15 percent of
Indiana's land area. The White and West Fork White River
Basin drainage system lies entirely within the state and for this
study does not include the East Fork White River basin.

Thebasinincludesall or part of 29 counties: Boone, Brown,
Clay, Clinton, Daviess, Delaware, Gibson, Grant, Greene,
Hamilton, Hancock, Hendricks, Henry, Johnson, Knox,
Madison, Marion, Martin, Monroe, Montgomery, Morgan,
Owen, Parke, Pike, Putnam, Randolph, Sullivan, Tipton, and
Vigo (table 1). The largest city within the basin is
Indianapolis, in Marion County. Other major population cen-
ters are primarily located in the northern part of the basin,
including: Muncie, Anderson, Carmel, Fishers, and
Noblesville. In the southern part of the basin, larger popula-
tion centers include: Greencastle, Linton, Martinsville,
Spencer, and Washington.

Major streams of the basin include White River, West Fork
White River, Eel River, and an extensive network of tributary
streams and ditches. Streamflow leaving the basin enters the
Wabash River, then the Ohio and Mississippi Rivers, and
eventually reaches the Gulf of Mexico.

The information presented in this report should be suitable
as a comprehensive reference source for public and private
interests, including: environmental, governmental, agricultur-
al, commercial, industrial, and recreational. However, the

report is not intended for evaluating site-specific water
resource development projects. Persons involved in such pro-
jects should contact the Division of Water for further infor-
mation.

Because the report iswritten for awide spectrum of readers,
key technical words within the text are italicized the first time
they appear, and where appropriate thereafter. Brief defini-
tions are given in the glossary. An appendix includes data tab-
ulations and illustrations that supplement the information
found within the body of the report.

Field investigations conducted by the Division of Water and
the Indiana Geological Survey in 1989 and 1990 provided
data on the ground-water quality of the basin. Samples were
collected and analyzed for 372 water-wells to yield informa-
tion on ambient ground-water quality throughout the basin.

The remainder of theinformation in thisreport was derived,
summarized, or interpreted from data, maps, and technical
reports by various state and federal agencies. Specific sources
of data are referenced within the report. A list of selected ref-
erencesisincluded at the end of the report.

Previous Investigations

Because published and unpublished documents relating to
the White and West Fork White River basin in Indiana are
numerous, only the primary sources used to prepare this report
are discussed below. These primary documents and other
major references are cited at the end of the report. Additional
sources of information are listed within these cited references.

Various aspects of the geology and hydrology of severa
Indiana counties, lying wholly or partly within the White and
West Fork White River basin, are addressed in numerous
reports by the Indiana Department of Natural Resources
(IDNR) and the U.S. Geological Survey (USGS).

Maps and reports by the Indiana Geological Survey (for-
merly part of the Department of Natural Resources) describe
the surficial and bedrock geology of central Indiana (Wayne,
1956, 1958, 1963; Shaver and others, 1961, 1978, 1986;
Pinsak and Shaver, 1964; Burger and others, 1971; Gray,
1972, 1978, 1979, 1982, 1983, 1988, 1989, 2000; Johnson and
Keller, 1972; Becker, 1974; Bleuer, 1974, 1989, 1991;
Doheny and others, 1975; Droste and Shaver, 1982; Gray and
others 1987; Rupp, 1991; and Fleming and others, 1995).

Ground water availability maps have been completed for
the entire state of Indiana by Bechert and Heckard (1966). A
report by the Indiana Department of Natural Resources (1980)

Introduction 1
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Figure 1. Location of White and West Fork White River basin

assesses various aspects of water availability and use for 18
planning and development regionsin the state of Indiana. The
White and West Fork White River basin lies primarily in five
of these planning and devel opment regions.

The Indiana Department of Natural Resources, Division of
Water, has also published various ground-water availability
maps and reports that include information on the ground-
water resources and ground-water quality that delineate major
aquifers along with recorded and potential well yields for
numerous counties in the basin, including: Morgan (Heckard,
1964), Johnson (Uhl, 1966), Hendricks (Steen, 1968),
Madison (Steen, 1970), Hamilton (Herring, 1971), Henry
(Uhl, 1973), Marion (Herring, 1974, 1976), Hancock (Uhl,
1975), and Boone (Steen and others, 1977). A report by
Barnhart and Middleman (1990) detailed the hydrogeology
and ground-water quality of Gibson County.

The U.S. Geological Survey (USGS), in cooperation with
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the Division of Water, Indiana Department of Natural
Resources (formerly Department of Conservation), have pro-
duced numerous ground-water resource studies for portions of
the White and West Fork White River basin.

Some of the earliest of these cooperative studies describe
the ground-water resources of a number of southwestern
Indiana counties within the White River basin, including:
Greene County (Watkins and Jordan, 1961), Clay County
(Watkins and Jordan, 1962b), and Owen County (Watkins and
Jordan, 1963b); the authors published well logs, delineated
which lithologies were aquifers, and evaluated ground-water
availability.

The U.S. Geological Survey in cooperation with the Indiana
Department of Conservation also prepared some of the earli-
est descriptions of ground-water quality in areas of the West
Fork White River basin. They developed basic data reports on
the ground-water resources for several counties in the basin.



Table 1. Area of Indiana counties within the
West Fork White River Basin

County TotalArea  Inbasin ~ Percent Percent of
(sq. mi) Aea  ofcounty  totalbasin
(sgq.mi)  inbasin area
Boone 423.49 15845 3741 2.83
Brown 316.60 7072 2234 1.26
Clay 359.34 295.72 8229 5.28
Clinton 403.66 251 0.62 0.04
Daviess 435.44 318.99 73.26 5.70
Delaware 397.62 274.96 69.15 491
Gibson 500.56 36.09 7.21 0.64
Grant 415.37 0.17 0.04 0.00
Greene 543.93 499.15 91.77 8.92
Hamilton 401.68 401.68 100.00 7.17
Hancock 307.15 38.96 12.69 0.70
Hendricks 407.08 402.54 98.88 7.19
Henry 393.89 10055  25.53 1.80
Johnson 320.99 122.04 38.02 2.18
Knox 523.37 293.89  56.15 5.25
Madison 451.62 426.36 94.41 7.62
Marion 402.98 35256  87.49 6.30
Martin 342.05 23.74 6.94 0.42
Monroe 407.68 182.11 44.67 3.25
Montgomery  505.76 0.01 0.00 0.00
Morgan 410.56 41056 100.00 7.33
Owen 386.69 386.69 100.00 6.91
Parke 447.46 3.88 0.87 0.07
Pike 341.01 7114 20.86 1.27
Putnam 484.31 388.76  80.27 6.94
Randolph 452.31 156.97  34.70 2.80
Sullivan 452.64 26.99 5.96 0.48
Tipton 259.73 125.15 48.18 2.24
Vigo 410.26 27.27 6.65 0.49
Total 11905.22  5598.61 100

These reports contain brief descriptions of the levels of major
consgtituents in well samples from these counties

Cable and others (1971) of the U.S. Geological Survey pre-
pared a report on hydrogeology of the principa aquifers in
Vigo and Clay Counties. This report includes a description of
ground-water chemistry from partial analysis of over 750
water samples and complete analysis of 35 water samples.

Cable and Robison (1973) of the U.S. Geological Survey
prepared a report on the hydrogeology of the principal
aquifersin Sullivan and Greene Counties for the Department
of Natural Resources, Division of Water. The report includes
a description of ground-water chemistry from partial analysis
of over 300 samples and complete analysis of 20 samples.

A report by Wangsness and others (1981) summarized
available hydrologic data for an area that includes the lower
half of the White River basin downstream from Gosport,
Indiana. The report includes surface-water, ground water, and
water-quality information.

In the northern part of the basin, many studies have also
been completed on ground water. A series of reports by the
U.S. Geologica Survey describes the ground-water resources
of five counties within the northern part of the basin: Madison

(Lapham, 1981), Delaware (Arihood and Lapham, 1982),
Hamilton and Tipton (Arihood, 1982), and Randolph
(Lapham and Arihood, 1984). The authors of these studies
examined the hydrogeology of the White River basin within
each respective county and modeled expected yields given a
variety of pumping schemes, gechydrologic characteristics of
the aquifers, and locations of induced recharge.

Other studies that focused on northern counties in the basin
include reports on the hydrogeology of Delaware County
(Hoggett and others, 1968), Madison County (Wayne, 1975),
and Hamilton County (Gillies, 1976). Studies of the outwash
aquifer along the White River in Marion County (Meyer and
others, 1975; Smith, 1983) focused on the characteristics of
the aguifer and modeling of the hydrology and water avail-
ability for Indianapolis.

Bailey and Imbrigiotta (1982) studied the outwash aquifer
along the White River in Johnson and Morgan Counties to
estimate the geometry and hydraulic characteristics of the
aquifer and to establish the nature and extent of the hydraulic
connection between surface and subsurface hydrology

Nyman and Pettijohn (1971) studied the hydrogeology of
the entire White River basin. The report is a brief description
of the important aquifers in the basin, and includes informa-
tion on well yields and potentia yields, ground-water quality,
and ground-water discharge to the major streamsin the basin.

Jacques and Crawford (1991) of the U.S. Geological Survey
conducted a major study from 1991-97 for the White and East
Fork White River basins as part of the National Water-Quality
Assessment Program. The study assessed the water quality of
the surface- and ground-water resources of the White and East
Fork White River basins. The U.S. Geological Survey pub-
lished numerous reports as offshoots from the National Water-
Quality Assessment Program.

Hoover and Durbin (1994) of the U.S. Geological Survey
prepared maps and cross-sections of aquifer types in the
White and West Fork White River basin for ground water pro-
tection purposes.
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GEOLOGY

Geology of the West Fork White River basin affects water-
resource availability by influencing the distribution of precip-
itation between surface-water and ground-water regimes.
Near-surface geology greatly influences topography and soil
development that, in turn, control runoff and infiltration of
precipitation. Geology also helps control movement and stor-
age of surface water and ground water.

Perhaps the largest single geologic influence upon the
availability of the water resource in the West Fork White
River basin has been that of glaciation. During the
Pleistocene Epoch (Ice Age), glacial lobes repeatedly entered
Indiana from at least three directions (figure 2). The glacial
episodes altered all aspects of the area's hydrology and
hydrogeology. Because each successive advance and retreat
of glacial ice caused erosion and redeposition of earth mate-
rials, glacial sediments and their hydrogeol ogic properties are
very complex.

Little is known about the basin's oldest glacial deposits or
the glacial episodes that produced them. This report therefore
focuses on the most recent glacial episodes. Most of the land-
formsin the northern part of the basin were produced by these
glacial and subsequent events. These deposits contain most of
the readily available ground-water resources.

In the northern portion of the basin, although productive
carbonates are available, most ground-water resources occur
in unconsolidated aquifers of glacia origin. In the southern
part of the basin, athough not very productive, bedrock
aquifers are most often used because overlying unconsolidat-
ed materials are shallow and less productive.

The White and West Fork White River basin because of its
size, shape, and location (plate 1) includes rocks from nearly
al the geologic column for the state. A comprehensive dis-
cussion of the geology of the basin is beyond the scope of this
report. Rather, an overview of the geology is presented to pro-
vide a context in which to place the hydrogeology and
ground-water quality discussions prepared by the Division of
Water.

Sour ces of geologic data

Basic geologic data and numerous geologic studies were
used to prepare this report. The basic geologic data include
water well records, oil and gas records, coal data, engineering
borings, seismic studies, geophysical logs, and exposure
descriptions.

Much of the information about aquifer systems, lithology,
and bedrock topography in the basin was derived from water
well records. More than 35,000 field-located water well
records for the West Fork White River basin are on file with
the Indiana Department of Natural Resources, Division of
Water, Ground Water Section. Since 1959, water well drilling
contractors have been required to submit to the Indiana
Department of Natural Resources (IDNR) a record of all
water wells drilled in the state, including information about

4 Ground-Water Resource Availability, West Fork and White River Basin

the geologic materials penetrated. Although these records are
not always complete and the quality of the data varies, these
water well records are the most comprehensive set of subsur-
face geologic and hydrogeologic data existing for the basin.

A significant portion of the physiographic and glacial geol-
ogy information for the basin was derived from two reports:
"Physiographic Divisions of Indiana" (Gray, 2000) and "Atlas
of Hydrogeologic Terrains and Settings of Indiana’ (Fleming
and others, 1995). Much of the bedrock geology information
was taken from the "Compendium of Paleozoic Rock-Unit
Sratigraphy in IndianaA Revision" (Shaver and others,
1986) and "Structure and Isopach Maps of the Paleozoic
Rocks in Indiana' (Rupp, 1991). Many additional sources of
geologic information are listed in the Selected References
chapter of this report.

Qil and gas records and maps from the IDNR, Division of
Oil and Gas and the Indiana Geological Survey, athough of
limited value to the overall study, provided basic information
necessary to identify major lithologic sequences and areas of
petroleum exploration.

Regional Physiography

The modern landscape of northern and central Indiana
reflects a predominance of glacia influence, but the drift is
thinner in central Indianathan in the northern part of the state
and in many places, especially along streams, bedrock appears
at or very near the surface. The landscape of southern Indiana
reflects a predominance of bedrock influence.

Malott (1922) divided Indiana into nine physiographic
regions according to topography and the effect of glaciers on
the landscape. Relatively minor revisions have been made to
his definitions until recently (Gray, 2000). In his
"Physiographic Divisions of Indiana’, Henry Gray redefines
and describes physiographic sections of Indiana by grouping
them into four regions. the Northern Moraine and Lake
Region, the Maumee Lake Plain Region, the Central Till Plain
Region, and the Southern Hills and Lowlands Region (figure
3). Within each region, he provides boundaries and descrip-
tions of further subdivisions. He also compares and contrasts
the newly defined sections to Malott's divisions. Gray's defin-
itions of Indiana's physiographic regions were strongly influ-
enced by recent interpretations of Indiana's glacial geology by
Fleming and others (1994). The following descriptions of
physiographic regions in the West Fork White River are taken
amost entirely from Gray's report.

Central Till Plain Region

This region, extending across Ohio, Indiana, and Illinais, is
aregion of limited topographic diversity. It is nearly coinci-
dent with Malott's (1922) Tipton Till Plain except along the
southeastern margin. Gray has extended the southeastern
boundary of Malott'still plain to the Wisconsin glacial bound-
ary. The Central Till Plain Region occupies the northern half
of the West Fork White River basin (figures 3 and 4). The



source of surface material throughout most of this region in
the West Fork White River basin is till of eastern, or Huron-
Erie Lobe origin.

Gray adopted the name Central Till Plain for thisregion and
subdivides it into sections based, in part, on the "terrains'
observed by Fleming and others (1994). The sections of the
Centra Till Plain Region that fall within the West Fork White
River basin include (figure 4):

« the Bluffton Till Plain, large areas of till plain with acon-
centric series of end moraines (located along the northeastern
fringe of the West Fork White River basin);

« the New Castle Till Plains and Drainageways, till plains
of low relief crossed by many major tunnel-valleys that cov-
ers the northeastern headwater area of the basin;

« the Tipton Till Plain, aregion of low relief with extensive
areas of ice-disintegration features corresponding to the north-
western portion of the basin.

Southern Hills and L owlands Region

The Southern Hills and Lowlands Region bounds the
Centra Till Plain Region on the south. The boundary that
marks the southern limit of the Wisconsin glacial advances
forms the definitive boundary between these two regions. The
Southern Hills and Lowlands Region is the only part of the
state that has not been profoundly affected by the latest
(Wisconsin) glaciation. Bedrock is at or near the surface in
much of the region and defines the character of the subdivi-
sions within the region.

Although the overall effect of glaciation on the region has
not been profound, the region was not entirely unmodified by
glaciation. One or more pre-Wisconsin ice sheets covered
nearly three-fifths of the region leaving extensive deposits that
have since been modified extensively by erosion. Major rivers
of the region, including the White, the Wabash and the Ohio,
carried large volumes of meltwater that significantly modified
the river valleys during Wisconsin time.

Gray's subdivisions of the Southern Hills and Lowlands
region embrace Malott's (1922) seven physiographic divisions
of southern Indiana. The common element in this region is
that for the most part differences in bedrock character define
the several sections. The major subsections of the Southern
Hills and Lowlands Region that fall within the West Fork
White River basin include (figure 4):

« the Martinsville Hills, bedrock hills of high relief strong-
ly modified by pre-Wisconsin glacial activity covers a small
area in Morgan, Putnam, and Owen Counties in the mid-sec-
tion of the basin (a new transitional subdivision not recog-
nized by Malott);

« the Norman Upland, bedrock hills of high relief encom-
passing portions of northwest Brown County and northeast
Monroe County in the basin;

« theMitchell Plateau, arolling clay-covered upland of low
relief and large areas of karst, entrenched by major valleys (in
the basin occupies a narrow northwest-trending terrain that

includes the town of Spencer in Owen County and
Bloomington in Monroe County);

» the Crawford Upland, bedrock hills of high relief that
extend through the center of Owen, eastern Greene, and
southwestern Monroe counties in the basin; and

 the Wabash Lowland, broad terraced valleys and low
till-covered hills in much of the southwestern portion of the
basin.

Overview of glacial history and glacial deposits

TheWest Fork White River basin is characterized by avari-
ety of landscapes and unconsolidated deposits. The great
majority of glacial depositsin the basin represent the main or
maximum episode of glacial activity during late Wisconsin
Age, which took place between about 22,000 and 10,000 years
ago.
The great variability in thickness of the unconsolidated sed-
iments in the southern and northern parts of the basin, gener-
ally less than 100 feet and 100 to 200 feet, respectively (fig-
ure 5), isan indication of the differencesin glacia activity in
the northern and southern parts of the basin. In the northern
part of the basin where glacial activity was prominent, thick-
nesses of more than 400 feet of unconsolidated deposits occur
in some aress.

Most deposition associated with glaciers takes place at or
near the ice margin. The particular type of deposit and its
expression as alandform depend on the dynamics of the glac-
ier, the mechanics of sediment transport within the glacier,
and the method of sediment deposition.

Through time, accumulation of ice toward the center of a
glacier is balanced by melting at and near the margin. This
equilibrium has two important consequences. First, the out-
ward flow of ice within the glacier transports sediment to the
ice margin where it is deposited by a variety of processes.
Second, the melting ice front feeds meltwater streams that
flow both away from and parallel to the ice margin. The high
energy typical of most meltwater streams results in the
removal of silt and clay from the glacial debris. This process
commonly concentrates sand and gravel in the form of out-
wash deposits. Within a depositional system, the relative
coarseness of the outwash sediments tends to decrease with
increasing distance from the ice front. Outwash bodies range
from narrow and discontinuous channels to broad, regionally
extensive plains and fans. The detailed geometry of outwash
bodies depends on such factors as the configuration of the
landscape over which the meltwater flows, the size and loca-
tion of meltwater outlets from the ice front, the sediment load
each meltwater stream carries, and the behavior and duration
of the ice front at a particular location.

Outwash constitutes several landforms within the West
Fork White River basin (plate 2). It forms valley trains along
the White River, Fall Creek, Eagle Creek, Mud Creek, other
tributaries, and numerous high-level channels, as well as
broader fans like the one referred to by Fleming and others
(1995) as the Glenns Valley fan in the vicinity of Greenwood.
Some of the outwash units that occur in central Marion and
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Figure 2. Sketch maps showing generalized flow direction of the several ice streams that made up the Wisconsin glacier in Indiana: a) about 20,000
years ago; b) about 15,000 years ago. Because of the vacillating activity of the several lobes and in some places extensive overriding of one lobe over
another, it is not possible to show lobe margins in any meaningful way. Figure adapted from Henry H. Gray, 2000.

extend to northwestern Johnson and northeastern Morgan
counties appear to comprise an extensive outwash plain that
was deposited as the Huron-Erie L obe advanced. The outwash
plain is typicaly underlain by thick, composite sections,
although lenses and sheets of till locally divide the outwash
into discrete aguifers (Fleming and others, 1995). Large
buried outwash bodies also occur at many places within the
basin.

Outwash plains and sluiceways tend to be relatively chan-
nelized features associated with major river valeys. Most
were formed episodically and exhibit complex intertongueing
relationships with various sand and gravel bodies and with
certain till units along their flanks. Most of these terrains are
broad alluvial plains flanked by a variety of outwash terraces
and fans. The primary distinction between outwash plains and
sluicewaysisone of relative dimensions; the former tend to be
much broader, generaly flatter in overall aspect, and tend to
blend into adjacent terrains, whereas the latter tend to form
well-developed troughs that may be significantly entrenched
into surrounding terrains. The White River and its major trib-
utaries form northeast-to-southwest trending sluiceways
between Muncie and Indianapolis. The White River and its
major tributary the Eel River form major sluicewaysin south-
western Indiana (plate 2).

The land surface over the greater part of the West Fork
White River basin is underlain by glacia till, afine- to medi-
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um-grained, poorly-sorted sediment that was transported near
the base of the glacier and deposited directly by ice with min-
imal reworking by meltwater and mass movement. Most till
contains scattered rock fragments set in an overconsolidated
fine-grained matrix. Each ice advance tends to produce a char-
acteristic till sheet that can usually be distinguished from other
till sheets on the basis of grain-size distribution, combinations
of rock and mineral fragments unique to a particular source
area, and other diagnostic attributes. The relative proportions
of sand, silt, and clay that form the matrix of any particular till
unit depend on the source area of the glacier aswell as on the
kinds of processes that release the sediment from the ice.

The surfacetillsin most of the West Fork White River basin
are part of the Trafalgar Formation (Wayne, 1963) of the
Huron-Erie Lobe, and are typically silty or loamy in texture
and are dominated by particles derived from a mixed bedrock
source (plate 2).

A common type of terrain related to till deposits is a till
plain-generally a gently rolling to nearly flat landscape that
formed during relatively uniform deposition of till from a
retreating ice margin. This type of depositional pattern
appears to have repeated itself many times over large parts of
central Indiana, resulting in athick stack of till units, with the
boundaries between the till units essentially representing
buried former till plain surfaces.

Debris flow deposits are a significant component of the
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glacial sediments in the West Fork White River basin.
Although a variety of processes can be involved in the for-
mation of these mass movement deposits, most debris flows
of glacial origin form when the loss of supporting ice induces
the slumping and sliding of recently thawed supersaturated
sediments. Many debris-flow deposits closely resemble
glacial till and are sometimes referred to as flow tills and mud
flows. Because of their similarity, the distinction between
debris flows and true glacial till can be problematic in
Pleistocene deposits. This is especiadly true where the two
occur together in the subsurface within the same depositional
sequence. It is best in such instances, therefore, to refer to the
entire assemblage as till-like sediment, which acknowledges
the variety of processes and sediment types represented.
Debris flows can be formed from almost any kind of pre-
existing sediment and are found in widely scattered placesin
the northern glaciated part of the West Fork White River
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basin. However, flowage of glacial sediments was most com-
monly triggered by the melting of adjacent or subjacent ice
blocks. Hence, debris flows are most abundant where they are
associated with bodies of ice-contact stratified drift. The lat-
ter are composed mainly of sand and gravel deposited by
meltwater in, on, or against disintegrating ice. Subsequent
melting of the surrounding ice caused these sediments to col-
lapse, giving them their characteristically irregular form.
Common types of ice-contact stratified deposits include nar-
row, linear, and commonly sharp-peaked ridges of sand and
gravel referred to as eskers; and irregular masses of sand,
gravel, and till-like sediment known as kames, that range in
shape from semi-conical mounds to broad-crested, hummocky
ridges. Good examples of ice-contact drift are present in
southern Madison and northern Hancock counties. Debris-
flow deposits are common in southwestern Randolph, south-
eastern Delaware, and northeastern Henry countiesin the area



of collapsed tunnel valleys (plate 2).

I ce-contact stratified deposits, debris flows, small bodies of
outwash in channelized form, and localized pond sediments
commonly occur together as ablation complexes formed dur-
ing the melting of an ice sheet. Ablation complexes can be
quite thick and widespread when large debris-covered parts
of an ice lobe become stagnant and melt via the process of
downwasting. In the northern part of the basin, large-scale
ablation deposits occur within which individua sediment
bodies commonly have little homogeneity and extent. Such
deposition appears to have predominated in certain parts of
the central till plain (Fleming and others, 1995).

Lakes were widespread during and after glaciation, and
small to very large bodies of lacustrine sediments can be
found embedded within sequences throughout the glacial ter-
rains. Deposits that formed in glacial lakes are widespread in
the West Fork White River basin, particularly along former
ice margins where meltwater was impounded by ice or debris.
Because these ice margins shifted over time, most of the
glacial lakes were ephemeral features with generaly little
accumulation of lacustrine sediments.

In the northern part of the basin, most of the lakes are shal-
low post-glacial; a few are located in Delaware County and
southern Madison County southwest of Anderson. Another
group are aso located in southern Boone and northern
Hendricks counties in the upper Walnut Creek watershed
(plate 2).

Various kinds of glacial and periglacial lakes existed at
many places in southern Indiana during the Wisconsin and
pre-Wisconsin glaciations. Many of these were created when
rapid outwash deposition along the major rivers caused tribu-
taries to become blocked, creating extensive slackwater lakes
that extended upstream for miles. In the West Fork White
River basin, slack water deposits are most abundant in west-
ern Greene County; large areas aso extend into Knox and
Daviess County near the White River valley. Extensive
glaciolacustrine sequences of predominantly fine-grained
aspect filled large bedrock valleys in many of these tribu-
taries. Other lake basins came into existence as proglacial
lakes in front of various ice margins in southeast and south-
west Indiana. Many of these basins covered tens or hundreds
of square miles, and some also occupied large bedrock val-
leys, resulting in major sequences of lacustrine sediments.

Summary of major Quaternary depositsin the West
Fork White River basin

The unconsolidated deposits in the West Fork White River
basin are many and varied. Describing them in detail is
beyond the scope of this report. A brief description of major
Quaternary deposits, as described and mapped by Gray, 1989,
follows. The major Quaternary deposits occurring in the basin
are generaly described, from north to south (plate 2).

In the northeastern part of the White and West Fork White
River basin, a large area of Wisconsin Age is composed of
silty clay-loamto clay loam till of the Lagro Formation.

Most of the northern part of the West Fork White River

basin is described as loam till of the Trafalgar Formation of
Wisconsin Age. In Putnam, western Hendricks, and parts of
Morgan counties, the somewhat older Trafalgar Formation
loam till occurs. Cutting across these vast expanses of loam
till are a couple of large areas, one in Delaware County south
of the city of Muncie and the other in Boone County south-
west of the town of Lebanon, that are described as complex
or mixed drift that includes till and stratified drift in lineated
form that are an indication of collapse associated with subice
tunnels and open ice-walled channels.

Another major type of Quaternary deposit that transverses
the till plain following the valleys of major streams and their
tributaries is undifferentiated outwash, mainly as valley train
sand and gravel of the Atherton Formation. These outwash
deposits also traverse other Quaternary deposits and bedrock
aong the valeys of maor streams and their tributaries.
Superimposed upon some of these ice age outwash deposits
arealluvial deposits of silt, sand, and gravel deposited by pre-
sent-day streams.

Adjacent to the Eel River valley in Hendricks, Putnam,
Owen, and Daviess counties are deposits described as a low-
land silt complex that is comprised of poorly stratified sand
and silt, in part alluvial and colluvial and in part windblown.
Where present as terrace remnants in narrow valleys, this
material has been assigned to the Prospect Formation.

Wisconsin age lacustrine silt and clay deposits formed as
slack-water deposits of finger lakes adjacent to major out-
wash-carrying streams in southern Indiana are abundant in
western Greene County; large areas also extend into Knox
and Daviess Counties near the White River valley

South of the Wisconsin glacia limit, therefore of pre-
Wisconsin age, there are mapped deposits that are capped by
athick relict (presumable Sangamonian) paleosol and a sur-
face layer of loess as much as 5 feet thick. Forming a fringe
aong the southern margins of the loamy Trafalgar tills in
southwestern Putnam, western Owen, Clay, Greene, and
Daviess counties are the older loam to sandy loam tills of the
Jessup Formation. Other pre-Wisconsin deposits mapped in
the basin include: undifferentiated outwash, mainly asisolat-
ed scraps of valley train sand and gravel; mixed drift of till
and stratified drift in chaotic form; loam to sandy loam till of
the Jessup Formation; and lake silt and clay in terrace rem-
nants of slack-water deposits of finger lakes adjacent to out-
wash-carrying streams.

Large areas in the southern half of the basin encompassing
much of Clay, Knox, Daviess, Pike, and Gibson counties are
overlain by loess or windblown silt.

There are also areas in the basin that have little or no
Quaternary deposits, including large portions of southwestern
Morgan, northwestern Monroe, eastern Owen and eastern
Greene counties. In these areas, bedrock crops out or lies
beneath a relatively thin cover of unconsolidated deposits. In
areas beyond the glacial limit, the unconsolidated deposits
include regolith and colluviumthat in part are pre-Quaternary
in age. In most places these deposits have a surface layer of
loess that is less than 3 feet thick. In areas that have been
glaciated, the unconsolidated deposits commonly are similar
to those in adjacent areas (Gray, 1989).

Geology 9
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Figure 5. Thickness of unconsolidated deposits (adapted from Gray, 1983)

Glacial terrains

The previous sections dealt mainly with regional aspects of
basin physiography and unconsolidated deposits. The follow-
ing discussion emphasizes the relationships between internal
sequence elements, landscape characteristics, and geologic
processes within specific glacia terrains to provide a context
for evaluating the availability of ground water and its rela-
tionship to surface water and to human activities at the land
surface.

The relationship between landforms and underlying depo-
sitional sequences can be represented by the concept of
glacial terrains. A glacial terrain is a geographically defined
feature characterized by a particular type of landform or
group of related landforms, and a closely associated sequence
of sediments that constitute said landforms. Based on this def-
inition, both the landforms and the underlying sedimentsin a
terrain are indicative of a particular type of depositional envi-
ronment. A glacial terrain is therefore expected to possess a
characteristic range of physical properties that strongly influ-
ence surface water hydrology, the movement of ground water,
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soil development, and a host of other environmental attribut-
es. Definition and analysis of glacial terrains thus provide a
basis for understanding the geologic history of the basin as
well asthe distribution and character of avariety of important
hydrogeologic parameters.

A study was initiated at the request of the Office of the
Indiana State Chemist (OISC) to develop maps of hydrogeo-
logic terrains and settings for Indiana. The hydrogeologic set-
ting represents a basis for classifying and describing the rela-
tionships between ground water and the geologic terrains it
occurs within. The resultant maps and descriptions were
intended to support the Office of the Indiana State Chemist to
develop the state pesticide management plan. Funding was
provided by OISC and the U.S. Environmental Protection
Agency. The mapping was a cooperative effort between the
Indiana Geological Survey and the Department of Natural
Resources, Division of Water.

The results of the study are in an atlas format "Atlas of
Hydrogeologic Terrains and Settings of Indiana" (Fleming
and others, 1995). Approximately 225 individual hydrogeo-
logic settings and terrains are organized within larger hydro-



geologic systems contained within eight individual sections.
The text descriptions and associated schematic diagrams in
the report are intended to accompany a set of 1:100,000 maps
depicting glacial terrains, hydrogeologic settings, and several
of their internal elements. As many as six types of coverages
exist for each of the 35 individual 1:100,000 quadrangles that
cover Indiana. These maps are primarily available as digital
coverages and are intended for use in a geographic informa-
tion system, such as ARC-INFO, or in such software design
packages asAUTOCAD. Paper and (or) mylar versions of the
coverages may be viewed by appointment at the offices of the
Indiana Geological Survey.

The West Fork White River basin has 57 of the 225 indi-
vidual hydrogeologic settings and terrains within its bound-
aries. Describing all of the mapped terrains is beyond the
scope of thisreport. Therefore, ageneral overview is present-
ed on major settings in the basin. The following descriptions
are taken largely from Fleming and others, 1995. Plate 2 and
figures 3 and 4 are helpful to understanding the following
descriptions.

Central Till Plain

The Central Till Plainisavast, nearly featureless plain that
occupies the mid-section of Indianaand extends east and west
through Ohio and Illinais. It generally corresponds to much of
the area known as the "Tipton Till Plain® (Malott, 1922;
Schneider, 1966). The unconsolidated deposits that form this
landscape are primarily a result of the major Wisconsin
glacial episode; therefore the southern boundary of the plain
is the southernmost limit of Wisconsin glacial deposits. The
depositional sequences and landscapes of the glacial deposits
are very similar across the plain athough they were formed
by different ice lobes that advanced and retreated over along
period of time. The northern boundary of the plain is general-
ly defined by somewhat younger glacial events and is, in
places, marked by greater relief in the landscape. The major
drainage feature of thetill plain is the Wabash River.

In central Indiana, sequences associated with particular
glacial episodes tend to be widespread, reflecting a gradual
shift of ice margins that resulted in relatively uniform deposi-
tion of widespread blankets of sediment. Repetition of this
pattern during successive glacial episodes led to numerous,
areally extensive sequences being stacked atop one another.

The Central Till Plain is subdivided by Fleming and others
(1995) into twelve segments or subdivisions differentiated by
subtle contrasts in features of a transitional nature. Such fea-
tures include: the general thickness and character of glacial
seguences; the type of bedrock; character and depth of the
bedrock surface; and landscape patterns that are or may be
suggestive of certain conditions. Most of the segments con-
tain from two to five internal terrains.

The limited relief of the plain results in poorly drained
landscapes, characterized by very broad troughs or swales.
Large parts of thetill plain surface are underlain by extensive
ablation complexes that are characterized by a variable thick-
ness of interbedded mud flows, small sand and gravel bodies,

silt units, and thin loamy tills. These complexes were deposit-
ed during large-scale disintegration of ice sheets in central
Indiana. These deposits overlie one or more basal till unitsin
many places, which tend to be highly overconsolidated and
very slowly permeable.

The northern half of the West Fork White River basin lies
within the Central Till Plain glacial terrain.

Southern Regions

The area south of the Wisconsin glacial boundary is differ-
entiated into three regions based on the effects of pre-
Wisconsin glaciation. These include the southeastern and
southwestern glaciated regions, and the south-central driftless
(unglaciated) area. The southeastern and southwestern
glaciated regions were affected by one or more pre-Wisconsin
glacial episodes and have, at least locally, significant thick-
ness of unconsolidated sediments. The thickness and continu-
ity of the glacial deposits in both of these regions decrease
southward; unconsolidated sediment thus becomes less of a
significant hydrogeologic factor relative to the bedrock. The
south-central driftless (unglaciated) region appears to have
not been directly affected by glaciation.

Fleming and others (1995) further subdivide these three
regions into various segments according to the presence and
nature of glacial deposits, the type of bedrock, and especial-
ly, the nature of the landscape and its relation to the bedrock
surface and to surface water-ground water interaction.

The southern settings are crossed or fringed by several
large sluiceways that contain massive outwash and aluvial
sequences. These sluiceways are the most significant hydro-
geologic entities in southern Indiana.

The southern half of the West Fork White River basin lies
within the Southern Region glacia terrains.

Southwestern Glaciated Region Overview

The southwestern glaciated region lies within the western
half of the southwestern quarter of the state. It is bounded on
the west by the Wabash River Valley and on the south by the
Ohio River Valley. The Crawford Upland forms a transitional
eastern boundary on which unconsolidated sediments feather
out. The southwestern glaciated region consists primarily of a
north-south trending area of glacial and periglacial deposits
that is generally centered on the area between the Wabash
River and the West Fork White River.

Theregion is predominantly amoderate-relief upland inter-
spersed with a large number of small to very extensive bot-
tomlands. It is also crossed or bounded by several deeply
incised large duiceways. These sluiceways are commonly
flanked by extensive low-lying areas of |ake sediment formed
in slackwater lakes when tributary valleys became blocked by
outwash. The Eel River Valley is an example of one of the
major sluiceways in this region of the West Fork White River
basin.

A major feature of the region is the variety of periglacial

Geology 11



sediments that were not deposited directly by glaciers or their
major meltwater streams, but are an indirect result of glacia-
tion. Examples are windblown, colluvial, and |ake sediments.

Theregion isdivided by Fleming and others (1995) into six
main upland settings based on: the relative predominance of
glacial versus periglacial sediments and their relationships to
one another; the composition and water-bearing properties of
the bedrock; the morphology of the bedrock surface; the
internal surface morphology of the setting and its effect on
water movement; and the general thickness and continuity of
the unconsolidated cover.

Most of the southern half of the West Fork White River
basin lies within this glacial terrain.

Southeastern Glaciated Region Overview

The southeastern glaciated region encompasses most of
southeastern Indiana. It extends from the Ohio River north-
ward to the Wisconsin glacia boundary and westward to the
pre-Wisconsin glacial boundary (figure 3). The region is pri-
marily a broad upland, but it has both uplands and lowlands
in the west. Its western boundary extends dlightly westward
of the prominent Knobstone Escarpment.

The southeastern region is composed of five main upland
settings (Fleming and others, 1995). These terrains are distin-
guished mainly on the basis of their internal morphology, pre-
dominant bedrock lithologies, and the character of unconsol-
idated cover.

Only asmall portion of the southeastern region is included
in the White and West Fork White River basin (northern
Monroe, northwestern Brown, far southwestern tip of
Johnson, and southern Morgan Counties).

South-Central Driftless Area

The south-central driftless (unglaciated) area is a broad
upland located between the southwestern and southeastern
glaciated regions (figure 3). It isbounded on the east and west
by rugged escarpments and on the south by the Ohio River.
The outcrops of its relatively resistant Upper Paleozoic rocks
define its regional morphology. Most of the area has little or
no unconsolidated cover.

Hydrogeol ogic settings are broadly defined by Fleming and
others (1995) for the driftless area and generally correspond
to the respective distribution of the different bedrock units
mapped in this area and their associated physiographic
regions.

Only the unglaciated portions of physiographic regions 4d,
4e, and 4f (figure 4) are within the West Fork White River
basin.

Bottomlands south of the Wisconsin Glacial Margin
Overview

A variety of bottomlands occur throughout southern
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Indiana. These include sluiceways, basins of former glacia
lakes, and alluvial bottoms along streams that were not direct-
ly affected by meltwater. The magjority of these are concen-
trated within the southeastern and southwestern glaciated
regions, however, some large sluiceways cross the unglaciat-
ed region, and a number of former lake basins and aluvial
bottoms are also present in or along the margin of that area
(Fleming and others, 1995).

The bottomlands in southern Indiana commonly contain the
thickest sequences of unconsolidated sediments south of the
Wisconsin margin. In addition, they are often associated with
large bedrock valleys, and the sluiceways in particular con-
tain significant quantities of both late Wisconsin and pre-
Wisconsin outwash (Fleming and others, 1995). These out-
wash deposits are the major ground-water resource for the
entire southern part of the state.

Three major sluiceway systems are present in the West
Fork White River basin: West Fork White River, Eel River,
and Big Walnut Creek. Raccoon Creek sluiceway also
extends south of the Wisconsin margin at places, but its ori-
gin and character are closely tied to that of the central till
plain.

Bedrock geology

Bedrock of the West Fork White River basin consists of
sedimentary rocks deposited during the Paleozoic Erathat lie
upon much older Precambrian crystalline rocks (plate 1).
The sidebar entitled General History of Bedrock Deposition
in Central and Southwestern Indiana summarizes the major
depositional environments found in the West Fork White
River basin during the Paleozoic Era. The sedimentary rocks
in the basin were deposited during the Cambrian through
Pennsylvanian periods of the Paleozoic Era, and include car-
bonates, sandstone, shale, and coal. A broad uplift or upward
bow of the bedrock surface known as the Cincinnati Arch
(figure 6) controls the regional bedrock structure in the West
Fork White River basin. The axis of the Cincinnati Arch
extends north-northwest from Cincinnati, Ohio into Randol ph
County, Indiana. To the north, the arch splitsinto two branch-
es, a northwest branch known as the Kankakee Arch that
passes through northwest Indiana, and a northeast branch
known as the Findley Arch that extends across Ohio to Lake
Erie. The West Fork White River basin is positioned on the
southwest-dipping flank of the Cincinnati Arch.

The northwest branch of the Cincinnati Arch (Kankakee
Arch) defines the northeastern limit of a large sedimentary
basin called the Illinois Basin. The crest of the arch has been
planed off by erosion, and as a result, the oldest rocks that
occur at the bedrock surface are near the crest of the arch, and
progressively younger rocks are exposed at the bedrock sur-
face sloping away from or down-dip from the arch into the
neighboring Illinois Basin. The angle of dip of the individual
rock units increases from northeast to southwest in the West
Fork White River basin off the crest of the arch and into the
[llinois Basin (figure 6 and plate 1).

The Paleozoic rock sequence in the West Fork White River



basin also thickens in the down-dip direction. The coinci-
dence of increasing thickness of individual Paleozoic sedi-
mentary rock formations and increasing angle of dip from the
crest of the arch to the center of the basin may indicate basin
subsidence and increased deposition during the Paleozoic Era
(platel).

The thickening of the sedimentary sequence and the
increased angle of dip of the strata are the result of the posi-
tion of the West Fork White River basin relative to regional
tectonic features (plate 1). The northern portion of the area
that is now the West Fork White River basin was located on
the stable Cincinnati Arch during the middle and late
Paleozoic Era, whereas the southern portion was located in
the area of the actively subsiding Illinois Basin.

Tectonic events coupled with fluctuations in sea level have
created a minimum thickness of sedimentary rocks of less
that 3,500 feet in the northeastern corner of the basin and a
maximum thickness of over 12,000 feet in the southwestern
corner (Rupp, 1991, p. 8) (plate 1). Natural bedrock expo-
sures are common south of the Wisconsin glacia boundary,
but rare in the northern portion of the basin.

Other structural features, including two faults, have been
mapped in the West Fork White River basin (plate 1). The
larger of these two faults, the Fortville Fault, extends from
south-central Marion County into north-central Madison
County. A second fault, the Mount Carmel Fault, extends
from just north of the southern line of Morgan County, south
through Monroe County terminating in southeastern
Lawrence County. Seismic activity associated with stresses
that formed these two faults has been minor in recorded his-
tory. Additional faulting and seismic activity has occurred in
southwestern Indiana, where most epicenters of historic
earthquakes in the State have occurred. This historic activity
has been very minor with little damage reported.

Unconformities that represent gaps of several hundred mil-
lion years in the geologic record are present at several geo-
logic contacts including: the Precambrian/Paleozoic,
the Mississippian/Pennsylvanian, and the Paleozoic/Pleistocene.

Although several bedrock unconformities exist in the sedi-
mentary sequence (sidebar entitled General History of
Bedrock Deposition in Central and Southwestern Indiana),
two periods of erosion significantly affected the near-surface
bedrock underlying the West Fork White River basin. The
earlier of these occurred during the middle Paleozoic Era, at
the close of the Mississippian period resulting in one of the
most widespread regional unconformities in the world. Not
only was erosion areally extensive, but also over arches and
domes it beveled away entire systems of older rocks.

The erosion of Mississippian rocksin the southern and western
portions of the basin resulted in Lower Pennsylvanian unitsbeing
deposited atop Upper Mississippian shaes and sandstones. As
erosion progressed along the dipping Mississippian strata, pro-
gressively older unitswere removed. In the central portions of the
basin, basd Pennsylvanian (Mandfidd Formation) sandstone
overlies Middle Mississippian strata (West Baden Group).

A more recent period of erosion occurred between the end
of the Paleozoic and beginning of the Pleistocene. Erosion
associated with glaciation further scoured the bedrock surface

during the Quaternary. While glacial processes were acting on
most of the basin, a small portion of the present West Fork
White River basin remained unaffected by glaciation, thus
continuing the slow erosion processes (Wayne, 1956, p. 14;
Gray, 2000)(figures 3 and 4).

When compared to the upper portion of the West Fork
White River basin, avariety of sedimentary lithologies occur
at the bedrock surface in the southern half of the basin. The
lithologic variation in the southern half of the basin is the
result of severa interrelated factors: 1) the change in the
angle of dip of strata associated with the Illinois Basin and the
Cincinnati Arch; 2) changes in upper Paleozoic sedimenta
tion; 3) the Mississippian/Pennsylvanian unconformity; 4)
and post-Paleozoic Era erosion.

Bedrock physiography

Thetopographical characteristics of the bedrock surface are
influenced by the bedrock types (plates 1 and 3a, b, and c).
Bedrock relief in the West Fork White River basin isthe result
of differential erosion acting on the various bedrock surface
lithologies. Units that are more resistant to erosion, such as
limestone and sandstone, tend to form broad bedrock highs
and steep valleys. Units less resistant to erosion, shale for
example, tend to form more gently sloping structures. Total
relief on the bedrock surface in the West Fork White River
basin is more than 700 feet (plates 3a, b, and ¢).

Regiona bedrock highs in excess of 1,000 feet above sea
level exist in the headwater area of the West Fork White River
basin, which is located in Randolph County (plate 3a). In the
northern portion of the West Fork White River basin, Silurian
Carbonates form the surficial bedrock units. Erosion of these
carbonates has resulted in broad upland areas with deeply
incised bedrock valleys. This area is part of the regionaly
extensive Bluffton Plain bedrock physiographic unit (Wayne
1956, p. 19, 29, Gray, 2000) (figure 7).

Regiona bedrock lows are found near the mouth or south-
ern portion of the West Fork White River basin. Named the
Wabash Lowland (Gray, 2000), this area can be described as
having gently sloping bedrock topography with few deeply
incised valleys. The Wabash Lowland bedrock physiographic
unit was developed through erosional processes acting on
units of Pennsylvanian age that are comprised predominately
of shales (plate 3c).

Bedrock physiography in the central portion of the West
Fork White River basin differs from the northern and south-
ern portions of the basin. In the central portion of the basin
limestone, shale, and sandstone of the Mississippian System
and sandstone and shale of the lower Pennsylvanian System
form the bedrock surface (plate 3b). This area is representa-
tive of a portion of the Norman Upland and Scottsburg
Lowland (Wayne, 1956, p. 19-23, Gray, 2000) (figure 3). In
the centra portions of the West Fork White River basin the
combination of variable lithologies, geologic structure, and
degree of glaciation has resulted in abedrock surface that has
dendritic drainage features exhibiting awide variety of slopes
and landforms.
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Bedrock stratigraphy and lithology

The West Fork White River basin because of its size, shape,
and location relative to the Cincinnati Arch and the Illinois
Basin (plate 1) includes rocks from a large percentage of the
bedrock units that occur in the state. Cambrian and
Ordovician rocks form alarge part of the Paleozoic sedimen-
tary sequence of rocks in the West Fork of the White River
basin; however, these lower Paleozoic rocks are not general-
ly present at the bedrock surface in the basin. Rocks occurring
a the bedrock surface generally range in age from latest
Ordovician through late Pennsylvanian (plate 1). The follow-
ing is abrief discussion of major sedimentary rock units that
occur in the West Fork White River basin. Detailed discus-
sions of structure, stratigraphy, and sedimentology of these
sedimentary sequences may be obtained from several
sources, including Shaver and others (1986) and Rupp
(1991). Additional details of various rock groups are also
included in the Ground-Water Hydrology chapter of this
report.

Cambrian and Ordovician

Although rocks of the Cambrian and Ordovician Periods
comprise most of the total sedimentary rock volume that
overlie the Precambrian rocks in the West Fork White River
basin (plate 1), this discussion is confined to only those rocks
that outcrop near the bedrock surface because of their impor-
tance as a source of potable ground water. Detailed discussion
of Cambrian through Ordovician sedimentation and structure
in the basin can be found in Shaver and others (1986), Rupp
(1991), Becker, Hreha, and Dawson (1978), Droste and
Patton (1985), Droste and others (1982), and Gray (1972).

Upper units of the Maguoketa Group of Ordovician age
form the bedrock surface in deep valleys in the northern por-
tions of the West Fork White River basin. The Maguoketa
Group consists of interbedded shales and limestones.

Silurian

The Silurian System unconformably overlies the
Maguoketa Group throughout the West Fork White River
basin, except for local areas where the Maguoketa forms the
bedrock surface. It is predominately composed of limestone
units with variable dolomitization and lesser amounts of
shale. The Silurian makes up the bedrock surface throughout
much of the northern part of the basin (platel). For this
report, discussion of the Silurian System islimited to the geo-
graphic area bounded by the West Fork White River basin to
the north and east, and by the Devonian System outcrop to the
south and west. The common thickness of Silurian age
deposits in this area is approximately 250 feet (Rupp, 1991,
p. 40). The Silurian System within this boundary is composed
of the following rocks, in ascending order: Brassfield
Limestone, Salamonie Dolomite, Pleasant Mills Formation,
and Wabash Formation.
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Figure 6: Regional bedrock structure

The basal unit in the Silurian System, the Brassfield
Limestone, is generdly a granular fossiliferous limestone
having varying amounts of shale and some dolomite. In the
extreme northern portions of the basin the Brassfield
Limestone is in a facies relationship with the Manitoulin
Dolomite and the overlying Cabot Head Shale Member of the
northeastern Cataract Formation. The Brassfield may be
absent in places, but is typicaly less than 20 feet thick and
unconformably overlain by Salamonie Dolomite (Shaver and
others, 1986, p. 20).

Where the Silurian System occurs near the bedrock surface
in the West Fork White River basin the Salamonie Dolomite
is mostly an off-white bioclastic vuggy dolomite approxi-
mately 50 feet thick, (Shaver and others, 1986, p. 131).
Silurian reef complexes occur in the upper portion of the
Salamonie but are most common in the overlying formations.

The Pleasant Mills Formation conformably overlies the
Salamonie. The Pleasant Mills typically consists of rather
pure carbonates with subtle lithologic differences. Reef com-
plexes are common within the Pleasant Mills. In approxi-
mately the middle portion of the Pleasant Mills Formation
lies an argillaceous member, the Waldron, that was formed
during an interval of reef generation; whereas the lower
Limberlost and the upper Louisville portions of the
Formation were formed during intervals of reef abortions
(Shaver and others, 1986, p. 115).

Conformably overlying the Pleasant Mills is the upper
Silurian Wabash Formation. Within the area of subcrop in
the West Fork White River basin the Wabash Formation con-
sists primarily of three lithologies. In the lower portion of the
formation is a silty dolomite to silty dolomitic limestone, the
Mississinewa Shale. The upper portion of the Wabash forma:
tion contains the Liston Creek Limestone Member, a light
colored limestone, dolomitic limestone, and dolomite that is



fine grained and cherty. The third lithology commonly found
in the Wabash Formation is associated with reef deposits.
Lithologies associated with reefal material are characterized
by light-colored massive granular vuggy dolomite and lime-
stone with bluish-gray carbonate mudstone (Shaver and oth-
ers, 1986, p. 163-164). Reef facies are also associated with
the Pleasant Mills Formation and Salmonie Dolomite,
athough less commonly than the Wabash Formation. An
unconformity separates the Wabash Formation from the over-
lying Devonian System.

Devonian

Where the Devonian System occurs near the bedrock sur-
face in the central West Fork White River basin, it is com-
posed of carbonates of the Muscatatuck Group with overly-
ing New Albany Shale. In this area, the Muscatatuck Group is
composed of carbonates of the Jeffersonville Limestone and
the overlying North Vernon Limestone. A total thickness for
the Group in the central portions of the basin is approximate-
ly 100 feet, with a range of 75 to 150 feet, (Rupp, 1991, p.
48). The Jeffersonville Limestone is a mixture of limestones
that vary from pure and granular to shaley. An arenaceous
zone at the base of the Jeffersonville Limestone forms a sand-
stone unit that is exposed in Fall Creek near Pendleton
Indiana, thus the local and near-surface name, Pendleton
Sandstone. Regionally this basal, Middle Devonian age sand-
stone is known as the Dutch Creek Sandstone. In the central
portion of the basin, the North Vernon Limestone overlies the
Jeffersonville Limestone unconformably. The North Vernon
is also a mixture of carbonate lithologies but is generaly
more argillaceous and dolomitic than the underlying
Jeffersonville.

The New Albany Shale, mostly correlative with the Antrim
Shale of northern Indiana, paraconformably overlies the
North Vernon Limestone throughout the area of New Albany
outcrop (Shaver and others, 1986, p. 101). In the West Fork
White River basin, the New Albany Shale is predominately a
brownish-black carbon-rich shale 100 feet thick in the central
part of the basin to 210 feet thick in the southwest part of the
basin. The upper few feet of the New Albany are
Mississippian in age.

Mississippian

In ascending order, the rocks of the Mississippian System
present in the West Fork White River basin include: Borden,
Sanders, Blue River, West Baden, and Stephensport Groups.
Mississippian deposits occur at the bedrock surface in the
south central portion of the basin (plate 1). Middle
Mississippian units are primarily composed of carbonates,
whereas the upper and lower portions of the Mississippian are
dominated by clastics.

Lower Mississippian deposits in the basin begin in the
upper few feet of the New Albany Shale that is overlain with
apparent conformity by the Rockford Limestone (Shaver

and others, 1986, p. 124). The Rockford Limestone, although
it may be only afew feet thick, is an important stratigraphic
marker unit lying between two extensive shale sequences.

The Borden Group unconformably overlies the Rockford
Limestone in the West Fork White River basin (Shaver and
others 1986, p. 18). Typical lithologies within the Borden are
argillaceous shales and siltstones that become increasingly
thick and arenaceous upward in the sequence. Carbonates are
rare in the Borden, occurring mostly in the upper portions of
the Group. In the outcrop/subcrop areain Putnam County, the
Borden reaches nearly 750 feet in thickness. It thins to the
west-southwest in the subsurface across Owen and Greene
Counties. A minimum Borden thickness of less than 50 feet
occurs near the mouth of the West Fork White River basin.

Middle Mississippian deposits in the basin are composed
of carbonates of the Sanders and Blue River Groups. Together
these carbonates are generally more than 400 feet thick at the
margin of the outcrop or subcrop in the basin. Karst terrain of
the Mitchell plain and eastern portions of the Crawford
upland were developed on the outcrop area of these middie
Mississippian carbonates (Wayne, 1956, p. 25-28: Gray,
2000, figure 3). The Sander s Group unconformably overlies
the Borden Group throughout the basin. Near the subsurface
exposure, the Sanders varies in thickness from less than 100
feet to approximately 250 feet (Rupp, 1991, p. 60) and is
composed primarily of granular limestones with lesser
amounts of dolomitic limestones. Geodes occur near the base
of the group. The Sanders Group is conformably overlain by
the Blue River Group in the basin. The Blue River Group is
mostly composed of carbonates with significant amounts of
gypsum, anhydrite, shale, chert, and calcareous sandstone
(Shaver and others, 1986, p. 16).

Upper Mississippian deposits in the West Fork White
River basin are composed of sandstones, limestones, and
shales of the West Baden, Sephensport, and Buffalo
Wallow  Groups. Erosion  resulting in  the
Mississippian/Pennsylvanian unconformity atered the pre-
sent near-surface thickness and occurrence of these deposits
throughout the basin. This Paleozoic erosion removed pro-
gressively older Mississippian deposits to the north. In the
West Fork White River basin, deposits of the West Baden and
Stephensport Groups are limited to a narrow outcrop areain
central Owen and east central Greene Counties. However,
sandstone units associated with these deposits and the overly-
ing basal Pennsylvanian sandstone are important bedrock
aguifers along the western edge of the outcrop belt (plates 1
and 5). Droste and Keller, (1989) provide an interpretation of
this unconformity, the erosion of portions of the
Mississippian deposits, and the associated early
Pennsylvanian deposition.

Pennsylvanian
Characterized by shale, sandstone, coal, and limestone
lithologies, the Pennsylvanian System makes up the bedrock
surface throughout the southern third of the basin. The maxi-

mum thickness of the Pennsylvanian System in the West Fork
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White River basin, approximately 1500 feet, occurs near the
mouth of the basin (plate 1). Individual shale and sandstone
units within the Pennsylvanian System average less than 50
feet in thickness and exhibit considerable loca variability.
The coal and limestone units exhibit more uniform thickness
and greater lateral extent than the shale and sandstone units,
even though individually they are typicaly less than 10 feet
thick. Because of this greater uniformity, coal and limestone
units are used to define the Formation and Group boundaries.
All three Pennsylvanian Groups, and nine of the ten
Formations (plate 1) found in Indiana occur in the West Fork
White River basin.

The basal Pennsylvanian Mansfield Formation exhibits the
widest variation in thickness of the Pennsylvanian
Formations in the West Fork White River basin, ranging from
50 to 300 feet thick (Shaver and others, 1986, p. 86-88). This
variation in thickness, including a genera thinning to the
north, is associated with the deposition of the basal Mansfield
Sandstone atop the Mississippian/Pennsylvanian erosional

surface.

Thin and variable Pennsylvanian units, in combination with
the 25 foot-per-mile dip, complicate the near-surface bedrock
lithology in the southern part of the West Fork White River
basin. Pennsylvanian lithologies in the basin are predomi-
nately shales with locally thick sandstones; therefore, the sur-
ficial bedrock lithology in the Pennsylvanian outcrop areais
often considered to be shale. However, each of the four
lithologies (coa, shale, limestone, and sandstone) occurs at
the bedrock surface within most townships of this area due to
the cyclic nature of the depositional environments.

Sandstone units generally sufficient to provide at |east mar-
ginal aquifer propertiesfor domestic water production existin
the Pennsylvanian throughout most the basin, but some are at
depths in excess of 300 feet. Some thicker and more porous
sandstone units exist within the system, most of which are
associated with narrow but long Pennsylvanian fluvial chan-
nels. Other Pennsylvanian sandstones occur as fine-grained
beach and/or deltaic sand deposits.

General History of Bedrock Deposition in Central and
Southwestern Indiana

Deposition of the preserved sedimentary rocks in Indiana began in the late
Cambrian Period as the sea invaded the state, including the area that is now the
White and West Fork White River basin (plate 1). Beach sands derived through
erosion of the igneous basement rocks were deposited to form the Mount Simon
Sandstone. As sea level continued to rise through the early Ordovician Period,
the depositional environment shifted to one progressively favoring shale and
then limestone. Deposition of the Knox Supergroup, a carbonate deposited in
shallow seas began in the late Cambrian and continued through early
Ordovician time (Swann, 1968, p. 13). Toward the end of early Ordovician time,
the shallow sea began to retreat or regress from the area, and erosion removed
the upper portions of the Knox (Gutstadt, 1958).

Sea level again rose, known as transgression, and reached its maximum
extent upon the North American continent in Middle Ordovician time. The basal
St. Peter Sandstone of the Ancell Group was sporadically deposited along an
irregular and potentially karst terrain of the Knox erosional surface (Swann,
1968, p. 13). Deposition of the St. Peter was followed by, and partially contem-
poraneous with, deposition of slightly argillaceous carbonates of the Dutchtown
Formation and the Joachim Dolomite. These argillaceous carbonates were
deposited in very shallow bays, bars, and lagoons (Swann, 1968, p. 13). Then
a period of relative tectonic stability resulted in deposition of the extensive and
fairly uniform Black River and Trenton Limestones (Gutstadt, 1958, p. 83).

An abrupt change at the end of Trenton Limestone deposition marked the
end of widespread carbonate deposition in Indiana. Sediment that was being
eroded as a result of the uplift of the Taconic Mountains to the east overfilled the
Appalachian Basin and spilled over the Cincinnati Arch into the Illinois Basin
(Swann, 1968, p. 13). Thinning westward of the Arch, these deposits consisted
predominately of clays and some carbonates that became the Maquoketa
Group (Gray, 1972, p. 1). Physical and biological environments changed rapid-
ly as the shallow water in which the Maquoketa Group was deposited alternat-
ed between clear and muddy (Gutstadt, 1958, p. 9).

Following the end of Maquoketa deposition and prior to deposition of Lower
Silurian carbonate units, a period of non-deposition and erosion occurred
through the late Ordovician and early Silurian Periods. Depositional evidence
indicates that the present outline of the lllinois Basin was formed during late
Silurian time (Becker, 1974, p. 8). The Basin was however, open to the south
and would remain so throughout Paleozoic deposition. Subsidence of the Illinois
Basin during the Silurian Period exceeded the rate of deposition, resulting in a
sediment-starved deep-water basin.

During the Silurian Period vertical development of reefs in Indiana became
most pronounced along the flanks of the lllinois Basin. Some of the pinnacle
reefs grew several hundred feet high but generally covered an area of less than
one square mile (Becker and Keller, 1976, p. 1). Other reefs grew as part of bar-
rier complexes, the Terre Haute and Fort Wayne Banks, where individual struc-
tures can be obscure. Lying between the two barrier complexes and roughly
associated with, but larger than the Cincinnati and Kankakee Arches was a
broad area called the Wabash Platform (accompanying figure). The Platform

Silurian paleogeographic map showing the location of
some discrete reefs (dots), carbonate banks or barrier
reefs (stipples), and gross structural-sedimentational fea-
tures (Shaver and others, p. 3, 1978)

hosted innumerable reefs, many that were small and short-lived, while others
attained areas and volumes much greater than the pinnacle reefs that flanked
the lllinois and Michigan Basins (Shaver and others, 1978, p. 3). Approximately
10 percent of the Wabash Platform sediments of Silurian age are considered
reef-related (John Rupp, personal communication, 1997).

The subsidence and expansion of reefs along the flanks of the Illinois Basin
determined the conditions under which the limestones and shales of the Silurian
and Devonian Periods were deposited. Deposition of Silurian and Devonian car-
bonate and clastic sediments were largely influenced by local conditions which
differed considerably from north to south in the area of the present West Fork
White River basin.

A lowering of sea level during late Silurian through early Devonian resulted
in erosion along the Wabash Platform that removed and altered the uppermost
portions of some Platform reef structures. An erosional unconformity occurs
throughout the area of the present day West Fork White River basin where
Silurian and Devonian carbonates lie at or near the bedrock surface (plate 1).
Sedimentation outside the area of reef development continued uninterrupted,
comformably, from Silurian through early Devonian time, with deep-water
deposits of carbonates predominating in the area that is now the lower West
Fork White River basin.

Sea level transgression marks the beginning of Middle Devonian deposition.
In the central area of the West Fork White River basin, the rise in sea level was
accompanied by deposition of a shallow-water carbonate having an arenaceous

continued on next page
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basal deposit that, in places, developed into the Dutch Creek Sandstone
Member of the Jeffersonville Limestone (Shaver and others, 1986, p. 64). A
period of regression and subsequent erosion separates the Jeffersonville from
the overlying North Vernon Limestone. During the deposition of the North
Vernon Limestone small amounts of clays from weathering of the Appalachians
again reached the basin (Swann, 1968, p. 15). Subsequent transgression and
regression during North Vernon carbonate deposition resulted in at least three
partial unconformities in the northern and central areas of the West Fork White
River basin. The last of these partial sea level regressions marked the end of
widespread Devonian carbonate deposition.

Sediment that ultimately became the New Albany Shale was deposited in a
transgressing epicontinental sea that covered much of Indiana. Anoxic condi-
tions caused by lack of water circulation between the epicontinental waters and
the open ocean resulted in an accumulation of organic matter as an important
part of the sediment (Lineback, 1970, p. 42-48). Deposition of the New Albany
continued through the close of the Devonian Period, ending in early
Mississippian time. The deep-water carbonate deposition of the thin but persis-
tent Rockford Limestone marks the end of New Albany shale deposition
(Swann, 1968, p. 15).

Clastic deposits derived from weathering of the rising Franklin Mountains
were transported to the lllinois Basin from the north, filling the Michigan Basin
and spilling over into the lllinois Basin (Swann, 1968, p. 15). An advancing delta
front that became the Borden Group was deposited in an otherwise deep-water
basin. In the area of the central West Fork White River basin, the fully developed
deltaic sediments accumulated to a thickness of over 700 feet, thinning consid-
erably to the southwest as they grade to a prodeltaic environment followed by
deposition of deep-water carbonate sediments (Gray, 1979, p. 8-9). A decrease
in sediment load created a shift from clastic to carbonate deposition during the
early part of the Middle Mississippian Period. Deposition of shallow-water car-
bonates predominated over the area where the thicker Borden deltaic deposits
occurred, while deep-water carbonates continued to fill the remainder of the
lllinois basin. After the lllinois Basin was filled, a variety of shallow-water car-
bonates, including some evaporites of the Middle Mississippian Period devel-
oped Basin-wide (Gray, 1979, p. 6).

Clastic sediment again reached the lllinois Basin at the close of Middle
Mississippian time. Shoreline advances and retreats from the south, associated
with deposition of clastics from the north, would dominate the remainder of the
Mississippian Period. Alternating marine carbonate, beach, deltaic, and fresh-
water fluvial clastic deposits are typical of much of the Upper Mississippian
deposition in the lllinois Basin. Fluvial sandstone channels, some over a mile

wide, 100 feet thick, and tens of miles long can be traced in these deposits as
the deltaic fronts migrated with the fluctuating sea level.

Upper Mississippian deposition was incomplete on the flanks of the Illinois
Basin and probably did not extend to the current northeastern limit of the pre-
sent West Fork White River basin. An upper limit of Upper Mississippian depo-
sition in the central Indiana portion of the lllinois Basin is believed to be 50 to
100 miles north and east of the present outcrop of these deposits (Droste and
Keller, 1989, p. 3-6). Near the end of the Mississippian Period the region of the
present-day West Fork White River basin was uplifted above sea level and tilt-
ed up to the north. A period of erosion resulted in removal of progressively older
portions of the Mississippian deposits to the north, resulting in a topographic
surface having 50 to 150 feet of local relief. The resulting erosional surface dis-
plays long, straight ridges along the outcrop of the Middle Mississippian lime-
stones. Cuestas were formed due to variability in resistance to erosion of the
Upper Missippian units (Droste and Keller, 1989, p. 7-8).

Sea level again began to rise during the early Pennsylvanian Period. A basal
sandstone, the Mansfield, was deposited upon the Mississippian/Pennsylvanian
erosional surface as the sea transgressed from the southwest (Shaver and oth-
ers, 1986, p. 86). It is apparent from the rocks deposited during the
Pennsylvanian Period that advances and retreats of the seas were frequent and
widespread. One of the most notable aspects of Pennsylvanian sedimentation
in the middle and eastern states is the repetitive alternation of marine and non-
marine strata. At times the southern area of present-day West Fork White River
basin was a vast coal swamp; at times a shallow sea covered it. This cyclic pat-
tern of deposition that was common in the Pennsylvanian Period in the lllinois
basin is called a cyclothem. These short-term oscillations in sea level in the area
may have been caused by regional subsidence of the land to a level slightly
below sea level so that marginal seas could spill onto the level swampy low-
lands. A short time later, subsidence might cease and sediments be built up
above sea level to extend the shoreline seaward and reestablish continental
conditions; or dry land may have resulted from temporary regional uplifts.
Glacial advances and retreats elsewhere may have caused changes in sea
level; or there could have been a combination of factors.

Extensive erosion throughout the post-Paleozoic Eras, coupled with bedrock
structure and lithology, resulted in the differential removal of Paleozoic units in
the West Fork White River basin. As a result, bedrock deposits that date from
late Ordovician through middle Pennsylvanian are found at the bedrock surface
from north to south in the basin. This pre-Pleistocene bedrock topography
reflects the surficial drainage associated with the extensive period of post-
Paleozoic erosion.
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Figure 7. Map of Indiana showing the topographic divisions of the buried bedrock surface
north of the Wisconsin glacial boundary (adapted from Henry Gray, 2000).
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GROUND-WATER HYDROLOGY

Ground-water supplies are obtained from aquifers, which
are subsurface units of rock and unconsolidated sediments
capable of yielding water in usable quantities to wells and
springs. The hydrologic characteristics of agquifers and natur-
al chemistry of ground water determine the availability and
suitability of ground-water resources for specific uses.

Ground-Water Resources

Ground water is the part of precipitation that enters the
ground and percolates downward through unconsolidated
materials and openings in bedrock until it reaches the water
table (figure 8). The water tableisthe surface below which all
openings in the rock or unconsolidated materials are filled
with water. Water entering this zone of saturation is called
recharge.

Ground water, in response to gravity, moves from areas of
recharge to areas of discharge. In a genera way, the configu-
ration of the water table approximates the overlying topogra-
phy (figure 8). In valleys and depressions where the land sur-
face intersects the water table, water is discharged from the
ground-water system to become part of the surface-water sys-
tem.

The interaction between ground water and surface water
can moderate seasonal water-level fluctuations in both sys-
tems. During dry periods base flow, or ground-water dis-
charge to streams, can help maintain minimum stream flows.
Conversely, during flood stages surface water can recharge
the ground-water system by vertical recharge on the water-
covered flood plain and bank storage through streambed sed-
iments. The net effect of ground-water recharge is areduction
in flood peaks and replenishment of available ground-water
supplies.

Aquifer properties that affect ground-water availability
include aquifer thickness and the size, number, and degree of
interconnection of pore spaces within the aquifer material.
These properties affect the ability of an aquifer to store and
transmit ground water. Porosity, the ratio of void space to unit
volume of rock or sail, isan index of how much ground water
the aquifer can store. Permeability, a property largely con-
trolled by size and interconnection of pore spaces within the
material, affects the fluid-transmitting capacity of materials.

The water-transmitting characteristics of an aquifer are
expressed as hydraulic conductivity and transmissivity.
Hydraulic conductivity isameasure of the rate that water will
move through an aquifer; it isusually expressed in gallons per
day through a cross section of one square foot under a unit
hydraulic gradient. Transmissivity is equal to the hydraulic
conductivity multiplied by the saturated thickness of the
aquifer. The storage characteristic of an aquifer is expressed
as the storage coefficient.

Pore spaces in bedrock occur as fractures, solution features,
and/or openings between grains composing the rock. In
unconsolidated deposits al of the pores are intergranular.

However, fine-grained deposits such as clays and silts may
also have secondary porosity, commonly in the form of frac-
tures.

The size, shape, and sorting of material determine the
amount and interconnection of intergranular pores. Sand and
gravel deposits have a high proportion of pore space and high
permeability; whereas, fine-grained or clay-rich deposits
have a greater proportion of pores, but alower degree of per-
meability.

Aquifers have porosity and permeability sufficient to
absorb, store, and transmit water in usable quantities.
Aquitards consist of materials with low permeability that
restrict ground-water movement. An aquitard overlying an
aquifer may limit the recharge to the aquifer but may also pro-
tect the aquifer from surface contamination.

Where an aquitard overlies an aquifer, the water in the
aquifer is said to be confined because the aquitard prevents or
restricts upward movement of water from the aquifer. Such
an aquifer is referred to as a confined or artesian aquifer.
Water in confined aquifers exists under hydrostatic pressure
that exceeds atmospheric pressure; and wells completed in
confined aquifers have water levelsthat rise above the water-
bearing formation until the local hydrostatic pressure in the
well is equal to the atmospheric pressure. Such wells may or
may not be flowing wells (figure 8). A measure of the pressure
of water in a confined aquifer is referred to as the potentio-
metric level.

In contrast, water in an unconfined aquifer exists under
atmospheric pressure; and wells that are completed in such
aquifers have water levels that correspond to the local water
table. An unconfined aquifer is also referred to as a water
table aquifer, and the spatial distribution of water levels in
wells in unconfined aquifers is shown on a water table map.
Water level maps for confined and unconfined aquifers are
typicaly referred to as potentiometric surface maps.

As awell discharges water from an aquifer the water level
drops in the well. The drop in water level, which is called
drawdown, creates a hydraulic gradient and causes ground
water around the well to flow toward the well. If an uncon-
fined or confined aquifer is being pumped, an overall lower-
ing of either the water table or the potentiometric surface,
respectively, occurs around the well. The zone being influ-
enced by pumpage is called the cone of depression. An
increase in the pumping rate usually creates a larger cone of
depression that may induce more recharge to the aquifer.
However, the natural rate of recharge to confined aquifersis
limited by the thickness and hydraulic properties of the con-
fining layers.

Ground-water levels

The ground-water level within an aquifer fluctuates con-
stantly in response to rainfall, evapotranspiration, barometric
pressure, ground-water movement (including recharge and dis-
charge), and ground-water pumpage. However, the response
time for most natural ground-water level fluctuations is con-
trolled predominantly by the local and regional geology.
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To study natural or man-induced stresses on an aquifer, an
observation well is completed in the aquifer of interest and
the water level is monitored periodically. Significant fluctua-
tionsin thewater level in the observation well may be anindi-
cation of natural or man-induced stresses on the aquifer.

The observation well monitoring program in the West Fork
White River basin was started in 1935 by the U.S. Geological
Survey (USGS) in cooperation with the Indiana Department
of Natural Resources. Currently, the observation well net-
work in the West Fork White River basin includes 10 active
observation wells and 30 discontinued observation wells
(table 2, figure 9). In addition, five active observation wells
are located just beyond the basin boundary. Table 2 aso
includes information on two discontinued project wells where
water level data have been collected in Marion County. Water
level is recorded automatically in each of the active observa-
tion wells. Records of ground-water levels are collected peri-
odically by the U.S. Geological Survey and published annu-
aly in water-resource data reports.

Observation wells in the West Fork White River are cate-
gorized into three groups: 1) unaffected by pumpage, 2)
affected by pumpage, and 3) specia purpose. However, clas-
sification can be difficult in cases where the observation well
has a short period of record. The observation wells in the
basin that are categorized as "special purpose’ were moni-
tored in the past for various purposes including earthquake
response, but have al been discontinued.

Of the eight active observation wells completed in uncon-
solidated deposits in the basin, two record natural water-level
fluctuations, five record water-levels that are definitely
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affected by pumpage, and one records water-levels that may
be affected by pumpage. One of the two bedrock wellsin the
basin records natural water-level fluctuations, the other
records water levels affected by pumpage.

Hydrologic data are often presented in water years
(October through September) instead of calendar years
(January through December) because the annual peak in river
stage commonly occurs from December to June. If a major
precipitation event occurs from late December to early
January and calendar year data are used for plotting, the sin-
gle event can be interpreted as two annual peaks in two cal-
endar years.

Normal temporal trends in the ground-water levels are
illustrated by the hydrographs of Morgan 4, Delaware 4, and
Randolph 3 (figures 10a, b, and c). All three observation wells
are classified as "unaffected". Ground-water levelsin aquifers
are highest during the wet season of spring, and decline dur-
ing summer and fall because of increased evapotranspiration
and reduced recharge. The fluctuations are the result of nat-
ural stresses, and thus may indicate trends in the natural rates
of ground-water recharge and discharge from the aquifers. All
three hydrographs reveal lower ground-water levels during
the latter part of 1999 and early 2000 as a result of drought
conditions.

Observation well Morgan 4 is completed in a shallow
unconfined aquifer. The annual water-level fluctuation ranges
from about five feet to eight feet. The difference between the
maximum high and low for the period 1978 to 1999 is 13.16
feet.

Observation well Delaware 4 is completed in a confined



unconsolidated aquifer. The annual water-level fluctuation
ranges from about three feet to 4.5 feet. The difference
between the maximum high and low for the period 1971 to
1999 is 7.29 feet. Observation well Randolph 3 is completed
in a limestone bedrock aquifer. The annual water-level fluc-
tuation ranges from about 4.5 feet to nearly six feet. The dif-
ference between the maximum high and low for the period
1966 to 1999 is 7.5 feet.

Most of the observation wellsin the West Fork White River
basin are classified as "affected” by pumpage. Observation
well Marion 34 illustrates a dramatic change in water level
related to nearby pumpage (figure 11). The rapid decline in
water level shown for April and May 1998 reflects temporary
dewatering during construction of a nearby sewer line. Water
levels returned to more normal levels after constructions was
completed, but have begun to decline again related to nearby
pump age by a public water supply facility. Not all pumpage-
induced effects are as dramatic as those shown in observation
well Marion 34.

Potentiometric surface maps

Ground-water level measurements can provide important
information about the local ground-water resources. For
example, ground-water availability and estimates of aquifer
yield are determined by analyzing changes in water levels
related to pumpage. Also, because differences in water-level
elevation provide potential for flow, spatial mapping of
water-level elevations can permit identification of regional
ground-water flow direction, as well as areas of recharge and
discharge.

The potentiometric surface map of selected countiesin the
West Fork White River basin (plate 4) depictsthe elevation to
which water levels will rise in wells. The map is created by
plotting elevations of the static water level and then generat-
ing contours or lines of equal elevation. Static water levels
used to develop the potentiometric surface map are from
wells completed in aquifer systems at various depths and
under confined and unconfined conditions. The generalized
map was developed for the in-basin portions of the northern-
most tier of ten counties, including: Randolph, Delaware,
Henry, Madison, Hancock, Tipton, Hamilton, Boone, Clinton,
Hendricks, and Marion.

In general, the composite potentiometric surface follows
the overlying land-surface topography and intersects the land
surface at major streams. The expected flow path is downs-
lope or perpendicular to the potentiometric surface contours.
Natural ground-water flow is from areas of recharge toward
areas of discharge. Depths to the potentiometric surface do
not represent appropriate depths for water wells. Instead,
wells must be completed in the water-yielding formation,
with depth into the aquifer based primarily on local geologic
conditions, such as thickness and lateral extent of the aquifer,
in combination with the potentiometric surface.

In the counties mapped, ground-water level elevations in
the basin range from 1150 feet m.s.l. (mean sea level datum)
in Randolph County in the upper reaches of the drainage

basin to 650 feet m.sl. in Marion County near the
Morgan/Johnson County lines. Thisrange is afunction of the
basin topography and the ground-water flow from areas of
recharge to areas of ground-water discharge. Regional
ground-water flow is toward the White River and its major
tributaries. Ground-water flow is generally away from the
drainage dividein the north and east and toward the south and
west.

Aquifer Systems

In this report, the ground-water resources of the West Fork
White River basin are mapped and described as regional
aquifer systems (plate 5). Lack of data in many parts of the
basin and complexity of the deposits preclude detailed aquifer
mapping.

Ground-water supplies in the West Fork White River basin
are obtained from unconsolidated and bedrock aquifer sys-
tems. Seven unconsolidated aquifer systems are defined in
this report according to hydrologic characteristics of the
deposits and environments of deposition (plate 5). Table 3
summarizes various hydrologic characteristics of the uncon-
solidated and bedrock aquifer systems. Nine bedrock aquifer
systems are defined in the basin on the basis of hydrologic
and lithologic characteristics; however, not al of the bedrock
formations are productive aquifers.

The most productive unconsolidated aquifers in the West
Fork White River basin are the outwash deposits that are adja-
cent to the major streams of the basin and transect the other
unconsolidated aquifers from the northeast headwaters of the
basin to the far southwestern tip where the White River sys-
tem empties into the Wabash. The least productive are the
weathered bedrock residuum and thin till deposits that cover
much of the southern half of the basin and the lacustrine and
backwater deposits that occupy many of the tributary stream
valleysin the southern part of the basin.

The most productive bedrock aquifer system isthe Silurian
and Devonian carbonates that directly underlie the northeast-
ern third of the basin. The least productive are the
Mississippian shales that cover the mid-section of the basin
and the Pennsylvanian interbedded shal es and sandstones that
cover the southern tip of the basin.

In general, in the northern half of the basin unconsolidated
aquifers are most often chosen for wells, even though pro-
ductive carbonates are available in the northern third of the
basin. In the southern part of the basin bedrock aquifers,
although not very productive, are most often used because
overlying unconsolidated materials are shallow and less pro-
ductive.

Unconsolidated aquifer systems

The unconsolidated aquifer systems mapped in the West
Fork White River basin include the Tipton Till Plain, Tipton
Till Plain Subsystem, Dissected Till and Residuum, White
River and Tributaries Outwash, and White River and
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Figure 9. Locations of observation wells in the West Fork White River basin

Tributaries Outwash Subsystem, Lacustrine and Backwater
Deposits aquifer systems and the Buried Valley. Sediments
that comprise these aquifer systems were deposited by glaci-
ers and their meltwaters during the Ice Age or are thin eroded
residuum. Boundaries of the aquifer systems are gradational
and individual aquifers may extend across agquifer system
boundaries.

The most productive unconsolidated aquifer system is the
outwash deposits of the White River and Tributaries Outwash
Aquifer system. The least productive unconsolidated aquifer
systems are the Dissected Till and Residuum and the
Lacustrine and Backwater Deposits agquifer systems.

The following discussion of unconsolidated aquifer sys-
tems begins in the northern portion of the West Fork White
River basin. The locations of the aquifer systems are shown
in plate 5. In the northern part of the West Fork White River
basin, unconsolidated aquifer systems are the primary source
of ground water. Highly productive zones within the uncon-
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solidated aquifer systems are encountered where thick,
coarse-grained sand and gravel deposits occur.

Tipton Till Plain Aquifer System

(Equivaent to the Wayne-Henry Aquifer System in the
Whitewater River Basin)

The Tipton Till Plain Aquifer system dominates the north-
ern part of the West Fork White River Basin (plate 5). The
surficial deposits of this system are Wisconsin tills identified
as ground moraine or end moraine.

The dominant aquifers within the Tipton Till Plain Aquifer
system are intratill sand and gravel lenses. These aquifers are
highly variablein depth and lateral extent and are confined by
variably thick clay or till sequences. Aquifer materials range
from very fine or muddy sand to coarse gravel. Individual
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aquifers within this system are usually not extensive.

The thickness of the Tipton Till Plain Aquifer system
ranges from 15 feet or less in areas of near-surface bedrock to
200 feet or more in buried bedrock valleys. The thickness of
aquifer materials within the system ranges from O feet to 40
feet. Typical aquifer thicknessis 12 to 14 feet.

Well depths in the Tipton Till Plain Aquifer system are
highly variable and are influenced by bedrock elevation and
depth to productive sand and gravel zones within the tills.
Although well depthsin this system vary from 20 to 500 feet,
most wells are constructed at 95 to 150 feet deep. The deep-
est wells are associated with buried bedrock valleys filled
with till. The shallowest wells, 30 feet deep or less, are typi-
cally large-diameter bucket-rig wells producing water from
thin sand and gravel layers or from clays overlying near-sur-
face bedrock.

The elevations of water-bearing zones in the Tipton Till
Plain Aquifer system vary substantially. In general, aquifer
elevations reflect surface elevations and therefore are highest
aong basin boundaries and lowest near major drainageway’s.
Aquifer elevations generally decline toward the south.
Elevations in northern parts of the system range from 750 to
1135 feet m.s.l., but are typically in the range of 750 to 900
feet m.sl. Along the southwestern boundary of the system,
agquifer elevations range from 790 to 900 feet m.s.|. Along the
southeastern border of the Tipton Till Plain Aquifer system
many wells are producing from aquifers of elevation 700 feet
m.s.l. or lower.

The confined intratill aquifers within the Tipton Till Plain
Aquifer system commonly have poor hydrol ogic connections;
therefore, static water levels may differ significantly within a
small area. Static water levels in wells throughout the Tipton
Till Plain Aquifer system occur from O feet (land surface or
above) to 125 feet beneath the land surface. There are a few
flowing wells throughout the system; however, most static
water levels range from 20 to 35 feet below land surface.

Well yieldsin the Tipton Till Plain Aquifer system are gen-
erally adequate for domestic supply purposes; however, low-
yielding wells and dry holes have been reported. Most domes-
ticwellsyield 35 gpm (gallons per minute) or less; but report-
ed yieldsrange from O to 150 gpm. There are, however, many
large-diameter wells yielding 70 gpm or greater (high-capac-
ity wells) in the intratill sand and gravel lenses.

This aquifer system is bounded indistinctly to the south by
the Tipton Till Plain subsystem. The boundaries of other indi-
vidual areas of the subsystem mapped within the Tipton Till
Plain Aquifer system are also indistinct. Although both the
Tipton Till Plain Aquifer system and Tipton Till Plain sub-
system are intratill systems, the Tipton Till Plain Aquifer sys-
tem has thicker, more numerous, and more productive sand
and gravel zones than the subsystem.

The Tipton Till Plain Aquifer system contrasts sharply with
the White River and Tributaries Outwash Aquifer system,
which transects it. The intratill Tipton Till Plain aquifers are
generaly deeper than the White River aquifers and are
confined within till sequences dominated by clays. Whereas,
the water-bearing units of the White River and Tributaries
Outwash Aquifer system are unconfined, usually fairly

shallow, and are characterized by thick sequences of sand and
gravel with little clay.

Tipton Till Plain Aquifer Subsystem

(Equivaent to the Fayette-Union Aquifer System in the
Whitewater River Basin)

The Tipton Till Plain Aquifer subsystem is located in the
northern part of the West Fork of the White River basin. The
subsystem is discontinuous, occurring as individual areas
within and forming the southern boundary of the Tipton Till
Plain Aquifer system. The subsystem is similar to the Tipton
Till Plain system in character and provenance, so the contacts
with the Tipton Till Plain Aquifer system are gradational. The
aguifers within the two systems are similar in their origin and
placement, but differ in thickness and extent.

The Tipton Till Plain Aquifer subsystem is composed pri-
marily of glacia tills that contain intratill sand and gravel
aquifers of limited thickness and extent. The grain size of
aguifer materials in the intratill deposits varies locally and
ranges from fine or muddy sand to coarse gravel.

Thickness of intratill sand and gravel lenses within the sys-
tem ranges from 2 to 80 feet throughout the Tipton Till Plain
Aquifer subsystem, but is generally about 5 to 12 feet.
Thicker layers may be found in areas near the White River
and Tributaries Outwash Aquifer system, which occupies the
White River Valley.

Well depths in the Tipton Till Plain Aquifer subsystem are
variable and are influenced by bedrock elevation and the
depth to productive sand and gravel layers within the thicker
tills. Well depths range from 25 to 260 feet, but most wellsare
70 to 150 feet deep.

Intratill aguifer elevations range from 600 to 1050 feet
m.s.l. Aquifer elevations are highest in the northeast part of
the basin. The lowest aquifer elevations occur in areas adja
cent to the White River and Tributaries Outwash Aquifer sys-
tem. Aquifers most commonly occur between 750 and 1050
feet m.s.l. in upland areas and between 600 and 750 feet m.s.l.
in lowland aress.

Well yields in the Tipton Till Plain Aquifer subsystem are
variable, but yields adequate for domestic use are expected.
Wells drilled in this system produce from 0 to 300 gpm; how-
ever, most wells produce approximately 10 to 25 gpm.
Because thick sand and gravel aquifer zones are commonly
absent in much of the Tipton Till Plain Aquifer subsystem,
bucket-rig wells may be used to increase yield. The large
diameter of such wells permits them to store water from thin
sand zones or as seepage from fractures within the till.
However, severa wells yielding 70 gom or greater (high-
capacity wells) are also present in this subsystem, although
they do not generally produce as much as the high-capacity
wellsin the Tipton Till Plain Aquifer system.

The southern boundary of the Tipton Till Plain subsystem
with the Dissected Till and Residuum Aquifer system is more
distinct than its northern boundary with the Tipton Till Plain
Aquifer system; and it approximately coincides with the limit
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of the Wisconsin glacia advance. The unglaciated area of the
southern half of the West Fork White River Basin, which
includes the Dissected Till and Residuum Aquifer system,
contrasts sharply with the thick glacial cover of the Tipton
Till Plain Aquifer subsystem.

Dissected Till and Residuum Aquifer System

(Equivalent to the Dearborn Aquifer System in the
Whitewater River Basin)

The Dissected Till and Residuum Aquifer system, covering
much of the southern half of the West Fork White River
Basin, has the most limited ground-water resources of the
unconsolidated aquifer systems in the basin. Unconsolidated
materials of the Dissected Till and Residuum consist of thin,
eroded residuum and predominantly pre-Wisconsin tills.

Clay commonly overlies the bedrock in the Dissected Till
and Residuum Aquifer system, but thin layers of intratill sand
and gravel may be present. The water-bearing sand and grav-
el lenses may approach 15 feet in total thickness, but are more
commonly O to 5 feet thick. Well depths in these aquifers
range from 20 to 200 feet; although most wells are less than
75 feet deep. The deepest wells are in the northern part of the
aquifer system near the boundary with the Tipton Till Plain
Aquifer subsystem.

Aquifer elevations are typically between 450 and 850 feet
m.s.|. Because the unconsolidated materials covering the
bedrock are so thin in most places, the aquifer elevations
closely match the elevation of the bedrock surface. Therefore,
the highest aquifer elevations are at the northern end of the
aquifer system, whereas the lower elevations are towards the
southern end. Static water levels in wells developed in these
aquifers range from flowing to 180 feet beneath the surface;
but most static water levels range from 10 to 50 feet beneath
ground level.

Well yields range from O to 150 gpm, but yields of 0 to 5
gpm are more common. Dry holes are also common in parts
of the counties south of Morgan and Hendricks counties.
Large-diameter bucket-rig wells may produce water from thin
sands, gravels, or clay or till unitsin this system.

The Dissected Till and Residuum Aquifer system is tran-
sected by the White River and Tributaries Outwash Aquifer
system. The boundary between these two systems is sharply
defined by geologic materials, aquifer elevations, and water
availability.

White River and Tributaries Outwash Aquifer System

The White River and Tributaries Outwash Aquifer system
occupies the valleys of the White River and its major tribu-
taries. The system has a very wide main trunk with long, nar-
row, north-south to northeast-southwest trending tributaries
that transect the other unconsolidated aquifer systems in the
basin.

The system contains large volumes of sand and gravel that

were deposited by glaciers and that fill the present major
stream valleys. Asthe glaciers melted, the sediment contained
within them was delivered to adjacent streams in quantities
too large for the streams to transport. As a result, the
increased sediment load was stored in the valleys as vertical
and lateral accretionary deposits. As long as the retreating
glaciers continued to provide sediment in quantities too large
for the streams to transport, the valleys continued to befilled.
In this way, thick deposits of outwash sand and gravel accu-
mulated in the valleys of the White River and its tributaries,
forming the most prolific aguifer system in the basin.

The sand and gravel deposits of the White River and
Tributaries Outwash Aquifer system range from less than 20
feet to more than 200 feet in thickness. Throughout the basin,
the thick sands and gravels of the White River and Tributaries
Outwash Aquifer system abruptly contrast with the clay-rich
or bedrock environments of the surrounding aquifer systems.
However, not all the sand and gravel is saturated with water.
Actual aquifer thickness of the White River and Tributaries
Outwash Aquifer system ranges from 10 to 150 feet, but most
of the system has an aquifer thickness between 50 and 100
feet.

The elevation of the aquifer system varies uniformly from
north to south. Along the northern extent of the aquifer sys-
tem in Henry and Delaware Counties, the top of the aquifer
system is present at about 850-900 feet m.s.|. Where the sys-
tem leaves the state in Knox and Gibson Counties, the eleva-
tion isapproximately 400 feet m.s.l. for the upper terraces and
approximately 350 feet m.s.|. for the modern flood plain.

Because the system is largely unconfined, static water lev-
els are more consistent than in the surrounding aquifer sys-
tems. Average static water levels of 25 feet or less are com-
mon throughout the system.

The White River and Tributaries Outwash Aquifer system
is by far the most productive aquifer system in the basin and
has the potential to consistently meet the needs of high-capac-
ity water users. Well yields of 500 gpm or greater can be
expected throughout most of the system. Presently, there are
afew wellsthat have the capacity to produce up to 2000 gpm.

White River and Tributaries Outwash Aquifer
Subsystem

In some areas of the White River and Tributaries Outwash
Aquifer system, thick zones of sand and gravel have been
covered by alayer of clay or till. The areasare surficially sim-
ilar to the Tipton Till Plain Aquifer system, but are deposi-
tionally related to the White River and Tributaries Outwash
Aquifer system. These areas have, therefore, been named the
White River and Tributaries Outwash Aquifer subsystem.

The White River and Tributaries Outwash Aquifer subsys-
tem is very similar to the White River and Tributaries
Outwash Aquifer system but is less productive, contains thin-
ner sand and gravel zones, and contains greater amounts of
clay material. Sand and gravel zones in the subsystem range
in thickness from 12 to 54 feet, but are typically 20 to 40 feet
thick. The upper portions of the sand and gravel zones in the
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system, however, are commonly unsaturated.

The White River and Tributaries Outwash Aquifer subsys-
tem has well depths ranging from 30 to 170 feet below sur-
face, but they are typically about 70 feet below surface.
Aquifer materials in the subsystem occur at elevations rang-
ing from 850 feet m.s.l. in the northern part of the basin, to
350 feet m.sl. in the southern part of the basin. Static water
levelsin the wellsin the subsystem occur between 10 and 125
feet below the land surface, but commonly occur at 20 to 40
feet beneath the surface.

Domestic wellsin the White River and Tributaries Outwash
Aquifer subsystem yield from 10 to 50 gpm; but high-capac-
ity wells producing up to 1000 gpm have been reported. The
largest yields in this subsystem are in the northern portion of
the basin, adjacent to the thick till cover of the Tipton Till
Plain Aquifer system.

Buried Valley Aquifer System

The Buried Valley Aquifer system consists of aquifer mate-
rials deposited in pre-glacial bedrock valleysin the West Fork
of the White River basin. During valley development, layers
of bedrock were dissected to create valleys that were subse-
quently filled with unconsolidated glacial sediment of vari-
able thickness. Although there are additional buried bedrock
valleys in the West Fork White River basin, only the larger
buried valleys that contain significant water-bearing sedi-
ments have been included as mapped units of the Buried
Valley Aquifer system.

There are two significant buried bedrock valleys located in
West Fork White River basin; both cut into Mississippian
bedrock. One, a narrow valley having appreciable outwash,
trends northeast/southwest in southern Hendricks, Morgan,
Putnam, and Owen Counties. The other, part of a larger
buried valley system that extends into Putnam and
Montgomery Counties in the Middle Wabash River basin, is
in northwestern Hendricks County.

Wellsin the Buried Valley Aquifer system are completed at
depths ranging from 75 to 250 feet, although well depths
ranging from 100 to 175 feet are most common. Static water
levelsin the wells range from 10 to 80 feet below the ground
surface, but static water levels between 25 and 40 feet below
ground surface are most common. Domestic wells typically
yield from 10 to 50 gpm, but high-capacity wells may yield
as much as 300 to 1000 gpm. The highest yields are found in
the buried valley in northwestern Hendricks County.

Lacustrine and Backwater Deposits Aquifer System

The Lacustrine and Backwater Deposits Aquifer system,
located primarily in the southern third of the basin, is made up
of discontinuous bodies of deposits extending along areas of
outwash close to the West Fork White River Valley. The
deposits were formed in bodies of currentless or relatively
stagnant lake water and are marked by soft silt and clay.
These |ake deposits are generally confined to valleys that are
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tributary to the principle through valleys of southern Indiana,
which carried most of the meltwater that poured from the
waning ice sheets.

The larger valleys, like the White River, were choked with
sand and gravel carried from the glaciers by meltwater. In the
larger valleys, thick deposits of this material dammed and
ponded tributary streams, creating lakes. Today, thick
deposits of silt and clay sometimes called "slack water clay"
mark the locations of these glacial |akes.

Also, when massive amounts of water were being released
from the glaciers as they were retreating, from time to time,
the existing valley was not sufficient to contain the water.
Any pre-existing drainages or low spots in the bedrock sur-
face were points of water collection. Temporary lakes formed
in these areas, leaving fine-grained glaciolacustrine deposits.

The overall scarcity of productive zones of sand and grav-
el in this aquifer system is apparent from the number of
ground-water wells completed in the underlying bedrock
aquifers. Sand and gravel lenses, when present, are common-
ly less than 5 feet thick and are either confined within the
glaciolacustrine deposits, or are directly overlying bedrock.
Large-diameter bucket-rig wells are often employed when
other means of extracting seepage from the fine-grained
deposits are not available. Wells that penetrate the Lacustrine
and Backwater Deposits Aquifer system commonly have
depths that range from 30 to 70 feet, but some have depths of
up to 120 feet. Static water levels in wells penetrating the
aquifer system are typically less than 25 feet below the land
surface.

Yields from domestic wells range from O (dry holes) to 35
gpm, but no known high-capacity well is completed in the
aquifer system.

Bedrock aquifer systems

The occurrence of bedrock aquifers depends on the original
composition of the rocks and subsequent changes which
influence the hydraulic properties. Post-depositional process-
eswhich promote jointing, fracturing, and solution activity of
exposed bedrock generally increase the hydraulic conductiv-
ity of the upper portion of bedrock aquifer systems. Because
permesability is usually greatest near the bedrock surface, the
upper bedrock units are generally the most productive
aquifers. In the West Fork White River basin, rock types
exposed at the bedrock surface range from unproductive
shales to highly productive limestones and dolomites (plate 1).

The Silurian-Devonian Carbonate aquifer system, present
in the northern third of the basin is the most laterally exten-
sive and productive bedrock aquifer system in the basin.
Solution-enlarged joints in this system yield water in quanti-
ty generally adequate for domestic, industrial, or municipal
use. This bedrock aquifer system isamajor aquifer over wide
areas in northern part of the state where it directly underlies
glacia drift.

Bedrock aquifer systems in the basin are overlain by
unconsolidated deposits of varying thickness (plate 6 and fig-
ure 5). In northwest Hamilton County, as much as 400 feet of



unconsolidated material overlies bedrock. Many other areas
in the basin, especialy in the southern part, have 50 feet or
less of unconsolidated material overlying bedrock. Most of
the bedrock aguifers in the basin are under confined condi-
tions. In other words, the water level (potentiometric surface)
in wells completed in the aquifer rises above the top of the
aquifer.

In places, sand and gravel aquifers are located immediate-
ly overlying the bedrock surface. Many of these materials are
found in association with buried bedrock valleys but aso
occur elsewhere along the bedrock surface. Where unconsol-
idated aquifers are in contact with the Silurian and Devonian
Carbonate aquifer system, the two aguifers are hydraulically
linked and have very similar hydraulic gradients.

The yield of a bedrock aguifer depends on its hydraulic
characteristics and the nature of the overlying deposits. Shale
and glacial till act as aquitards, restricting recharge to under-
lying bedrock aquifers. However, fracturing and/or jointing
may occur in aquitards, which can increase recharge to the
underlying aquifers.

On a genera basis, the incidence of mineralized or even
saline ground water in Indiana increases rapidly at bedrock
depths below 300 feet, and even shallower in some areas.
Therefore, a discussion and evaluation of the ground-water
potential of the bedrock aguifers is essentially confined to
those geologic units lying above the expected limits of non-
potable water.

In this report nine bedrock aquifer systems are identified
for the West Fork White River basin based on bedrock surface
lithology. They are, from east to west and oldest to youngest:
Ordovician/Magquoketa Group; Silurian-Devonian
Carbonate; Devonian and Mississipppian/New
Albany Shale; Mississippian/Borden Group;
Mississippian/Blue River and Sanders Groups;
Mississippian/Buffalo Wallow, Stephensport, and
West Baden Groups; Pennsylvanian/Raccoon Creek
Group; Pennsylvanian/Carbondale Group; and the
Pennsylvanian/M cL eansboro Group (plates 1 and 5).
Hydraulic properties within the nine aguifer systems are high-
ly variable.

Although this type of two-dimensional mapping is useful,
it should be remembered that the Silurian-Devonian
Carbonate rocks extend beneath the Devonian and
Mississippian/New Albany Shale Aquifer system (plate 1)
and are used as a water supply within the latter's boundaries.
Thisisalso true for other aquifer systems that extend beneath
less productive systems.

The bedrock aquifer systems extend across the basin gen-
erdly as a series of northwest/southeast trending bands of
varying widths, equal approximately to their exposure at the
bedrock surface (plates 1 and 5). In an area southwest of the
basin's midsection, the nearly parallel bands of bedrock
become truncated and overlapping. The overlapping patternis
the result of along period of erosion that beveled entire sys-
tems of older rocks. Subsequent burial of the erosion surface
by sedimentation during Pennsylvanian time created one of
the most widespread regional unconformities in the world,
the Mississippian-Pennsylvanian unconformity. Younger

Pennsylvanian age rocks overlap onto progressively older
Mississippian age rocks at increasing distances north of the
Ohio River.

In general, bedrock aquifers are not used as much as the
unconsolidated aquifers in the northern part of the West Fork
White River basin because adequate ground water is usualy
available from the shallower unconsolidated materials. In the
southern part of the basin, however, bedrock aquifers are
more commonly used because the unconsolidated materials
overlying the bedrock typically consist of relatively thin, non-
productive glacid till or westhered bedrock residuum.

Ordovician/M aquoketa Group

The Maguoketa Group of Ordovician age is present at the
bedrock surfacein small areasin Randolph, Delaware, Henry,
and Madison counties (plate 5). It is the least extensive
bedrock aguifer system in the West Fork White River basin.
The rocks in this group are the oldest at the bedrock surface
inthe basin, exposed only in preglacial valleysthat have since
been filled with glacial drift. The group consists of interbed-
ded shales and limestones. Gray calcareous shale dominates
the group, but brown carbonaceous shale characterizes the
lowermost part of the group. Limestone, which constitutes
about 20 percent of the group, is most abundant in the upper
part.

The thickness of the Maguoketa Group is highly variable
because the top of the group is an erosional disconformity and
haslocal relief of more than 100 feet dueto preglacial erosion
of the bedrock surface (plate 1).

Wells completed in the Ordovician bedrock agquifer system
in the West Fork White River basin range from 112 to 600
feet deep. Well depth depends upon bedrock elevation and
unconsolidated material thickness. The bedrock surface ele-
vation for a specific area may be estimated using plate 3a.
The thickness of unconsolidated material for an area may be
estimated by using plate 6 or figure 5. The amount of pene-
tration of wells into bedrock in this aquifer system is also
highly variable, and ranges from about 10 to more than 290
feet. Data are not sufficient to correlate yields with the
amount of penetration. Static water levelsin wells developed
in this system range from 0 to 60 feet beneath the land sur-
face, but are usually between 10 and 50 feet below ground.

In general, because of the high shale content, the
Magquoketa Group is considered as an aquitard having poor
yield potential. However, in the West Fork White River basin
higher yields are reported than in other parts of the state
because there is higher limestone content in the upper part of
the group. The moderate yield potential in the basin is related
to joints and solution cavities that formed in the limestone
units.

Well yields from the Maguoketa Group, as indicated by
drillers tests, range from O to 200 gpm. Yieldsof 5to 15 gpm
are typical and yields above 15 gpm are not common. Some
dry holes (for practical purposes) have been reported.

Because the Maguoketa is generally not highly productive
itistypically used only when the overlying drift does not con-
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Ground-water flow and the dissolution
of carbonate rocks

Over a long period of time, limestone and to a lesser extent dolomite, will
gradually dissolve in the presence of ground water that was derived from pre-
cipitation. Carbon dioxide from the atmosphere and from the soil is incorpo-
rated into the precipitation as it changes from atmospheric moisture to ground
water. Ground water containing dissolved carbon dioxide forms a mild acid
which can slowly dissolve alkaline materials. The alkaline carbonate bedrock
units are affected by this process when the slightly acidic ground water moves
through the units and is neutralized by the carbonate. A portion of the car-
bonate unit is dissolved in this neutralization process thus increasing the size
of the fracture in which the water is flowing. As this process continues through
time larger openings, solution features, form in the rock allowing for increased
ground-water flow.

Many types of solution features can result from this process, some subtle
and others quite large. The most common features develop along preexisting
fractures, joints, and bedding planes, which represent the initial flow path of
the water through the rock (fig. a). Over time a variety of larger features can
develop leading to cave systems with sinkholes and deep valleys as surface
expressions.

As this process continued in the northern portion of the West Fork White
River basin in the Silurian-Devonian Carbonate Aquifer system, a very com-
plex system of fractures, solution channels, valleys, and sinkholes probably
developed. Glacial events partially eroded the weakened surface of the car-
bonate rock and then covered the surface with glacial sediments.
Consequently no direct surface expression of the probable pre-Pleistocene
karst terrain (paleo-karst) currently exists in that part of the Basin.

The near-surface carbonate bedrock aquifers in the Mississippian carbon-
ates contain a highly variable fractured section which greatly affects ground-
water flow through the bedrock. Fractured rock represents one of the most
complex types of hydrogeologic systems known. While regional ground-water
flow can be very predictable, local flow can be highly varied both in terms of
quantity and direction (fig. b). Consequently, determining the local direction of
ground-water flow in fractured bedrock at the scale of a specific site may
require elaborate instrumentation, monitoring, and dye tracing.

Depth (m)

tain an adequate sand and gravel aquifer. It is bounded by the
younger, overlying Silurian and Devonian Carbonate aquifer
system.

Silurian and Devonian Carbonate Aquifer System

The Silurian and Devonian Carbonate Aquifer system, pre-
sent at the bedrock surface in much of the northern third of
the West Fork White River basin, is the most productive
bedrock aguifer system in the basin. This aquifer system is
composed primarily of limestones and dolomite with some
interbedded shale units. Because most individual units of the
Silurian and Devonian systems are composed of similar car-
bonate rock types and cannot be distinguished on the basis of
water-well records, they are considered as a single water-
bearing system.

In carbonate aquifers water is stored and transmitted in
joints, fractures, bedding planes, and solution openings within
the rock. The reef facies of the Silurian carbonates have high
porosities (from 5 to 25 percent) and high permeabilities. The
bank and inter-reef facies contain significantly lower porosities
and permeabilities. Devonian carbonates have porosity values
that are highly variable and range from 0 to 14 percent (John
Rupp, written communication, 1988). Shale units within the
Silurian and Devonian Carbonate Aquifer system, such as the
Mississinewa shale and the Waldron shale, limit the hydraulic
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connection between the water-producing zones.

Ground-water flow in the Silurian and Devonian Carbonate
aquifer system occurs predominately along bedrock joints,
fractures, and bedding planes as well as along solution fea-
tures (see sidebar, Ground-water flow and the dissolution
of carbonate rocks). Because ground-water flow through
carbonate rock is controlled by the geometry of its joints and
fractures, the direction of site specific or local flow may dif-
fer from that of the regional ground-water flow path. Ground-
water flow in these rocks can be complex because the type of
fracturing and fracture patternsin a specific carbonate rock in
a specific location are determined by many factors.

The origina fracture patterns in carbonate rocks may be
altered by pre-Pleistocene ground-water flow; and solution
features are aresult. In addition to complexitiesintroduced by
pre-Pleistocene events, Pleistocene erosion, weathering, and
deposition have caused additional alterations to the carbonate
aquifer system in the basin. All of these factors result in very
complex local ground-water flow.

The maximum thickness of the Silurian and Devonian
Carbonate aguifer system in the West Fork White River basin
area is approximately 400 feet, but the common thickness in
the crop area is approximately 100 feet in the east and 250
feet in the west (plate 7). Thickness of the most productive
part of the aquifer system is uneven because the upper surface
is an erosion surface.

Wells completed in the Silurian and Devonian Carbonate



Aquifer system range from 24 to 460 feet deep, but most
wells are constructed at depths of 100 to 230 feet. Deep, high-
capacity wells commonly penetrate 50 to 260 feet of carbon-
ate rock, and some wells have been reported to penetrate up
to 332 feet of rock. Domestic wells commonly only penetrate
the upper 30 to 120 feet of the carbonate bedrock.

The elevations of water-bearing zones in the Silurian and
Devonian Carbonate Aquifer system vary substantialy. The
approximate elevation of the bedrock surface for a specific
location may be determined by using the bedrock topography
map (plates 3a and b).

Static water levels in the wells completed in the carbonate
aquifer vary from O feet to 180 feet beneath the land surface;
however, static levels usualy are between 10 and 40 feet
below ground. Flowing wells have been reported at scattered
locations in the basin.

Water well dataindicate that the most productive part of the
carbonate aquifer occurs within the upper 100 feet, and in
many places, within a few feet of the bedrock surface.
However, other zones of relatively high permeability do
occur at greater depth. The deeper zones are most likely to be
penetrated by large diameter, high-capacity wells in an
attempt to increase avail able drawdown in the well and obtain
maximum yield.

Well yields depend on the diameter of the well and aquifer
characteristics. Most of the wells in this bedrock system are
4- to 6-inch-diameter domestic wells. Most domestic wells
can be expected to produce between 10 and 40 gpm, but well
yields range from one to 100 gpm. Yields of larger-diameter
wells generally range from 50 to 350 gpm, but higher-yield-
ing wells may be possible where several feet of sand and
gravel are directly overlying the bedrock surface. Large
wells, having 8- to 16-inch diameters, are usually industrial,
municipal, or irrigation supply wells. The Silurian and
Devonian carbonate system is one of the few bedrock systems
in the West Fork White River basin generally capable of sus-
taining high-capacity well yields.

Silurian and Devonian Carbonate aquifers are an important
source of water for many communitiesin the northern third of
the basin and are aso utilized by thousands of residents
served by individual domestic wells. The Silurian and
Devonian Carbonate aquifer system is bounded on the west
by the New Albany Shale aquifer system. In some areas near
the contact between the New Albany Shale and the Devonian
carbonates, wells are drilled through the shale and into the
more productive underlying carbonate rocks. Because the
overlying shale inhibits recharge and because fracturing may
not be well developed in the carbonates, these wells are less
productive than wells completed in carbonates not overlain
by shale.

Devonian and Mississippian/ New Albany Shale

The Devonian and Mississippian/New Albany Shale
bedrock aquifer is present in the West Fork White River basin
as a narrow strip extending from southeast Boone County
across western Marion County, into northern Johnson County.

The New Albany Shae overlies the Devonian carbonate
bedrock and is primarily Devonian age, except for the upper
few feet that are Mississippian age.

This bedrock aquifer system is predominately brownish-
black carbon-rich shale having a thickness of about 100 to
120 feet near its subcrop in the center of the basin to 210 feet
in the southwestern part of the basin. It is often mistakenly
reported as slate. It contains minor amounts of dolomite and
dolomitic quartz sandstone.

Although wells completed in the New Albany Shalevary in
depth from 62 to 318 feet, most are constructed at depths of
130 to 220 feet. Wells developed in the New Albany Shale
penetrate from 2 to 120 feet of shale; but most wells penetrate
from 12 to 60 feet. Static water levels in wells completed in
the shale aguifer range from 8 feet to 105 feet beneath the
land surface; however, levels usualy are between 25 and 70
feet below the surface.

The elevations of water-bearing zones in the New Albany
Shale Aquifer system vary substantially. The approximate
elevation of the bedrock surface for a specific location may
be determined by using the bedrock topography map (plate
3b).

Although several dozen wells are reported producing water
from the New Albany Shale, the formation is not considered
as a significant aquifer. Most wells in the New Albany Shale
yield 5 gpm or less, and dry holes are common; however, a
few yields of up to 20 gpm have been reported. Wells are
often drilled through the New Albany Shale into the underly-
ing carbonates in an attempt to get higher well yields.

This bedrock aquifer system is often associated with "sul-
fur water", mineralized water, or saline water. The New
Albany Shale Bedrock aguifer system is bounded on the west
by the Mississippian/Borden Group Bedrock Aquifer system.

Mississippian Bedrock

The Mississippian age bedrock aquifers can be broken into
three reasonably distinct groups. They include the lowermost
(oldest) siltstone and shale formations of the Borden Group;
the middle Mississippian age limestone sequence of the Blue
River and Sanders Groups that is prominent in south-central
Indiana; and the uppermost (youngest) alternating limestone-
shale-sandstone units of Buffalo Wallow, Stephensport, and
West Baden Groups.

Mississippian/Borden Group

The Mississippian Borden Bedrock Aquifer Group occu-
pies much of the mid-section of the West Fork White River
basin. It encompasses most of Hendricks and Morgan coun-
ties and portions of Boone, Putnam, Johnson, Brown, and
Monroe counties. This bedrock aquifer system is composed
primarily of siltstone and shale. Fine-grained sandstones are
common. Carbonates are rare, occurring as discontinuous
interbedded limestone lenses mostly in the upper portion of
the group. The Rockford limestone, an important marker bed
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where present, separates the New Albany Shale and the
Borden Group.

The Borden Group ranges from O to about 750 feet in thick-
ness at its outcrop and subcrop in the basin. It generally thins
asit dips to the southwest beneath younger rock formations.

Well depths in the Borden Aquifer system range from 28 to
400 feet. Most wells are completed at depths of 70 to 140 feet.
The amount of Borden rock penetrated typically ranges from
about 30 to 100 feet, with amaximum of 375 feet. Most of the
water isfound in the upper 100 feet of the rock, although data
are not sufficient to correlate yields with the amount of pene-
tration. Static water levels in the wells completed in the
Borden aquifer range from O to 180 feet below land surface
but commonly are between 10 and 40 feet.

The elevations of water-bearing zones in the Borden
Aquifer system vary substantially. The approximate elevation
of the bedrock surface is shown on plates 3b and c.

The Borden Group is often regarded as an aquitard; and
attempts to get water from wells drilled into it have often
failed. However, many wells are able to produce sufficient
water for domestic purposes. Most domestic wells completed
in the group yield from 1 to 5 gpm. A few wells have been
tested at up to 50 gpm, but it is doubtful that many could sus-
tain such arate for very long. Although one 8-inch diameter
well was reportedly tested at 154 gpm, overall thereis almost
no chance for development of high-capacity wells in the
Borden Group aquifer system.

Because the Borden Group is generally not very produc-
tive, it is typically used only where overlying glacial drift or
outwash deposits (if present) do not contain a sand or gravel
aquifer. In the eastern portion of its outcrop area where the
Borden is not more than about 300 feet thick, a few wells
have been drilled through it and the New Albany Shale into
the Silurian and Devonian Carbonate aquifer system.
However, wells over about 500 feet deep may encounter non-
potable (mineralized or salty) water. The Borden Group is
bounded on the west by the Blue River and Sanders Groups.

Mississippian/Blue River and Sanders Groups

This Middle Mississippian age aquifer system, located in a
narrow band in the south-central part of the West Fork White
River basin, overlies the Borden Group. This aquifer system
encompasses two groups: the lowermost Sanders and the
overlying Blue River groups. The Sanders Group includes the
Harrodsburg and Salem limestone formations. These are pri-
marily limestone with some dolomitic limestone content. The
Blue River Group includes the S. Louis, St. Genevieve, and
the Paoli limestone formations. These are primarily lime-
stones containing significant amounts of gypsum, anhydrite,
shale, chert, and cal careous sandstone.

The combined Blue River and Sanders groups range in
thickness from O to about 600 feet in the outcrop/subcrop area
of the basin. However, as the strata dip to the southwest
beneath younger rocks the thickness increases to about 1500
feet where the White River empties into the Wabash River.
The Blue River Group is truncated in northern Putnam
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County by pre-Pennsylvanian erosion. There it is uncon-
formably overlain by the Mansfield Formation of
Pennsylvanian age. The Sanders Group is aso truncated in
the north by pre-Pennsylvanian erosion and is aso overlain
unconformably by the Mansfield.

WEell depths in the Blue River and Sanders Group Aquifer
system vary from 16 to 423 feet, but most wells are complet-
ed at depths of about 80 to 170 feet. The amount of rock pen-
etrated by a well typically ranges from about 35 to 140 feet,
with amaximum of 411 feet. Most of the water isfound in the
upper 100 feet of the rock. However, no attempt was made to
correlate yields with the amount of penetration or the indi-
vidual geologic formations.

The elevations of water-bearing zones in the Blue River
and Sanders Groups agquifer system vary substantially. The
approximate elevation to bedrock for a specific location may
be determined by using the bedrock topography map (plates
3b and c).

Static water levels are quite variable in the wells compl et-
ed in the aquifer. Water levels ranging from O feet to 202 feet
below land surface have been reported; however, water levels
usually are between 20 and 75 feet below ground.

The Blue River and Sanders Groups Aquifer system is not
regarded as a magjor ground-water resource. However, most
attempts to drill a domestic well into it are successful. Most
domestic wells completed in the system have been tested at 2
to 25 gpm. A few public water supply wells have been tested
at 9 to 192 gpm. Very few wells could sustain a pumping rate
over 50 gpm for long.

The outcrop/subcrop area of the Blue River and Sanders
Groups is well known for significant karst development.
Because of the shallow rock, open joints, and solution chan-
nels the agquifer system is quite susceptible to contaminants
introduced at and near land surface. The Blue River and
Sanders Group is bounded on the west by the Buffalo
Wallow, Stephensport, and West Baden Groups.

Mississippian/Buffalo Wallow, Stephensport, and West
Baden Groups

This Upper Mississipppian bedrock aquifer system islimit-
ed to a small area in central Owen and east-central Greene
Counties. It is laterally discontinuous and has been truncated
northward as a result of pre-Pennsylvanian erosion. The pre-
sent near-surface thickness and occurrence of the deposits
forming this bedrock aquifer system have been altered by the
Mississippian-Pennsylvanian unconformity throughout the
West Fork White River basin.

This bedrock aquifer system, composed primarily of shale,
limestone, and sandstone, consists of three groups, from old-
est to youngest: West Baden, Stephensport, and Buffalo
Wallow. The three groups comprising this bedrock aquifer
system differ in their percentages of shale, limestone and
sandstone.

The lowermost West Baden Group consists dominantly of
gray to varicolored shale and mudstone (approximately 40
percent) and thin-bedded to cross-bedded sandstone (35 per-



cent); but limestone in beds of variable thickness is an impor-
tant lesser constituent (25 percent). Total thickness of the
West Baden Group along the outcrop ranges from 100 to 140
feet. The bedsin thisgroup are 5 to 20 feet thick. A major fea-
ture of the West Baden Group is a southwestward-trending
belt about 6 miles wide across which the limestones were not
deposited and in which sandstone dominates the entire thick-
ness of the group. In the basin this occurs in Owen and
Greene Counties.

The Stephensport Group has more limestone (approximate-
ly 40 percent) than the West Baden Group, less shale (25 per-
cent), and cliff-forming sandstone (35 percent).

The Buffalo Wallow Group is primarily shale, mudstone,
and siltstone (approximately 75 percent); but it contains
prominent beds of sandstone (20 percent) and limestone (5
percent), some of which are laterally extensive. The lime-
stone and sandstone beds, principally in the lower part of the
unit, are 1 to 15 feet thick and 5 to 90 feet thick, respectively.
This Group thins progressively and is truncated northward as
aresult of pre-Pennsylvanian erosion, so that in the subsur-
face its northern margin crosses southwestern Sullivan
County, Daviess County, and northeastern Dubois County.
Along the outcrop it reaches no farther north than southwest-
ern Orange County.

The depth to the bedrock surface is usually less than 20
feet. Well depths in the Buffalo Wallow, Stephensport, and
West Baden Groups range from 40 to 450 feet, with most
wells completed at depths of about 100 to 240 feet. The
amount of rock penetrated by a well typically ranges from
about 60 to 220 feet, with amaximum of 440 feet. Most of the
water will be found in the limestone and sandstone beds.
However, no attempt has been made in this report to correlate
yields with the amount of penetration or the individual geo-
logic formations used.

The elevations of water-bearing zones in the Buffalo
Wallow, Stephensport, and West Baden Groups vary substan-
tially. The approximate elevation to bedrock for a specific
location may be determined by using the bedrock topography
map (plates 3b and c)

Static water levels are highly variable in the wells compl et-
ed in this aquifer system. Water levels range from O feet to
300 feet below surface but are usually between 35 and 150
feet below surface.

The Buffalo Wallow, Stephensport, and West Baden
Groups aquifer system is not regarded as a major ground-
water resource. However, most attempts to drill a domestic
well into it are successful. Most domestic wells completed in
the system have been tested at 3 to 16 gpm. A few wells have
been tested as high as 50 gpm. However, very few wells can
sustain a pumping rate over 30 gpm.

In the outcrop/subcrop area of the Buffalo Wallow,
Stephensport, and West Baden groups the rock is predomi-
nantly shallow and contains numerous, irregular joints. In
limited areas some karst has developed in the [imestone beds.
These conditions warrant considering the aquifer system asa
whole to be somewhat susceptible to contaminantsintroduced
at and near land surface. The Buffalo Wallow, Stephensport,
and West Baden groups are bounded on the west by the

Pennsylvanian/Raccoon Creek Group.

Pennsylvanian Bedrock

The Pennsylvanian age bedrock aquifers, although having
many similarities, can be broken into three groups. They
include the lowermost (oldest) Raccoon Creek Group, the
Carbondale Group, and the McLeansboro Group that lies at
the southwestern tip of the basin.

Aquifers contained within the Pennsylvanian age bedrock
are generally of low yielding capability. However, their value
ismost significant to the homes and farms using these sources
in southwestern Indiana, and to those water-flood oil opera-
tions requiring fresh water for injection and re-pressurization
of oil-bearing formations.

In general, well depths are greater in the Pennsylvanian
rocks than in other geologic systems in the state, and depths
over 200 feet are common. Well casing diameters are usualy
six inches or greater, indicating the low yield capabilities of
these aquifers. Because of the low permeability of the
bedrock, the abundance of shale confining zones both above
and below aquifer systems, and the limitation in available
drawdown, it is seldom possible to divert large volumes of
water into any particular pumpage center.

Pennsylvanian/Raccoon Creek Group

The outcrop/subcrop area of the Raccoon Creek Group in
the West Fork White River basin consists of a north-south
trending band through portions of Clay, Owen, Greene,
Daviess, and Martin counties. The Pennsylvanian/Raccoon
Creek Group consists in ascending order of the Mansfield,
Brazil, and Staunton Formations. Because there was a long
period of erosion prior to deposition of these Pennsylvanian
age rocks, this group is underlain by rocks ranging in age
from Middle Devonian to Late Mississippian. The lowermost
Mansfield rests unconformably, with as much as 150 feet of
local relief, on Mississippian rocks that are generally pro-
gressively older northward. This Group has variable thickness
because of the irregular unconformity on the surface of
underlying rocks.

Within this area the thickness of the group ranges from 0 to
about 500 feet. However, as the strata dip to the southwest
beneath younger rocks the thickness increases to about 700
feet where the White River empties into the Wabash River.
Shale and sandstone compose approximately 95 percent of
the group; and clay, coal, and limestone make up nearly all
the rest. Shale is more common than sandstone, and most of
it is light-gray to dark-gray shale and soft nonsilty shale to
hard silty and sandy shale. The sandstone is mostly fine
grained; coarse-grained size is rare. Where the sandstone is
present in the subsurface, massive crossbedded sandstone
seems to be most common. Coal beds are asthick as 7 feet in
some areas. Clay beds as thick as 10 feet underlie coals.
Limestone beds are 3 to 10 feet thick. The lowermost part of
the Mansfield commonly consists of sandstone, generally
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crossbedded and containing a quartz-pebble and chert con-
glomerate in places.

The depth to the bedrock surface is generally less than 30
feet. Well depths in the Pennsylvanian/Raccoon Creek Group
Aquifer system are highly variable, varying from 22 to 480
feet, but most are constructed at 110 to 270 feet deep. The
amount of rock penetrated by awell typically ranges from 70
to 240 feet, with a maximum of 452 feet. Static water levels
in the wells completed in the aquifer vary from O (flowing)
feet to 190 feet beneath the land surface; however, water lev-
els usually are between 18 and 75 feet below the surface.

The elevations of water-bearing zones in the
Pennsylvanian/Raccoon Creek Group Aquifer system vary
substantially. The approximate elevation to bedrock for a spe-
cific location may be determined by using the bedrock topog-
raphy map (plate3c).

In general, the Raccoon Creek Group is considered aminor
ground-water source, with most wells producing from the
basal sandstone of the Mansfield Formation. Most domestic
wells produce between 2 and 10 gpm with localized yields of
up to 20 gpm. A few dry holes have been reported. Well yields
for light industrial or small municipal usage (for example, the
town of Staunton) of up to 70 gpm may be obtained locally.

Potentially higher yielding wells may be obtained in the
thicker sandstone members of the Mansfield Formation along
the eastern fringes of the outcrop area in Clay, Greene, and
Daviess Counties.

Water quality is generally good, but in areas of surface and
underground coal mining, some contamination has occurred.
Contaminants are typically dissolved solids, including calci-
um, magnesium, sulfate, bicarbonate, and iron. Natural water
quality gets progressively worse (more salty) in wells deeper
than about 400 feet as the strata dip beneath younger rocks to
the southwest. The Raccoon Creek Group is bounded on the
west by the Carbondale Group.

Pennsylvanian/Carbondale Group

The outcrop/subcrop area of the Carbondale Group in the
West Fork White River basin consists of a north-south trend-
ing band from western Clay County to northern Pike County.
The Pennsylvanian/Carbondale Group consists in ascending
order of the Linton, Petersburg, and the Dugger Formations.
It overlies the Raccoon Creek Group and underlies the
McL eansboro Group.

Within this area the thickness of the group ranges from O
along its eastern outcrop edge to about 400 feet where it dips
beneath younger rocks to the west. Most of the thickness of
this group consists of variable shales and sandstones with
some coal and limestone. This group includes some laterally
persistent limestones and four of Indianas commercially
important coals. Persistent shales and underclays are associ-
ated with several of these coals. Coal beds5 to 8 feet thick are
widespread. Clay beds as much as 10 feet thick underlie
coals. Two limestone beds are 5 to 15 feet thick.

The Linton, the lowermost formation in the Carbondale
Group, includes two coa members, sandstone, shale, and
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clay. Of special interest, it includes the Coxville Sandstone
member. The Coxville Sandstone is typically a fine- to
coarse-grained thick bedded and cross-bedded sandstone, but
shale partings afew inchesthick are present in some sections.
It ranges from 10 to 50 feet in thickness in the subsurface in
Sullivan, Pike, Gibson, and Posey Counties.

The overlying Petersburg Formation includes three coals,
limestone, and unnamed beds of shale, siltsone, sandstone
and underclay. The uppermost Dugger Formation includes 4
coal members, including two commercially important ones.
No units within the Petersburg or Dugger formations are
regarded as significant aquifers.

The depth to the bedrock surface is generally less than 30
feet. Wells range in depth from 23 to 360 feet, but are typi-
cally 91 to 238 feet deep. Severa of the deeper wells are
located along the eastern crop line of the Carbondale Group
and include some water from the underlying Raccoon Creek
Group. The amount of rock penetrated typically ranges from
48 to 196 feet, with a maximum of 348 feet. Static water lev-
els in the Carbondale Group range from 3 to 180 feet below
land surface, but are typically between 13 and 69 feet below
the surface.

In genera, the Carbondale Group is considered a minor
ground-water source with most wells producing from the
thicker sandstone and coal units. Most domestic wells pro-
duce between 1 and 12 gpm with localized yields of up to 20
gpm. A few dry holes have been reported.

The elevations of water-bearing zones in the
Pennsylvanian/Carbondale Group vary substantially. The
approximate elevation to bedrock for a specific location may
be determined by using the bedrock topography map (plate 3c).

Water quality is generally good and the aquifer system is
not very susceptible to contamination from the land surface.
However, in areas of surface and underground coa mining,
some contamination has occurred. Contaminants are typical-
ly dissolved solids, including calcium, magnesium, sulfate,
bicarbonate, and iron. The natural quality of well water gets
progressively more mineralized (often changing from a calci-
um-magnesium-bicarbonate type to a sodium bicarbonate or
sodium chloride type) as wells are drilled deeper than about
300 feet and the rock strata dip beneath younger rocks to the
southwest.

The Carbondale Group is bounded on the west by the
McL eansboro Group.

Pennsylvanian/M cL eansboro Group

The outcrop/subcrop area of the McL eansboro Group in the
West Fork White River basin consists of a north-south trend-
ing band from central Knox to northern Gibson County.
Within this area the thickness of the group ranges from 0 to
about 400 feet. The Pennsylvanian/M cL eansboro Group con-
sists in ascending order of the Shelburn, Patoka, Bond, and
Mattoon. All but the Mattoon Formation are present in the
West Fork White River basin. The first three formations con-
sist primarily of shale (50 to 60 percent) and sandstone (40 to
45 percent) with minor amounts of coal, clay, and limestone.



Coal beds are typically less than 2 feet thick.

The Shelburn, the lowermost formation in the
McL eansboro Group, contains the Busseron Sandstone mem-
ber at or near its base. The sandstone is typically gray to tan
in color, fine to medium-grained, and massive. It is interbed-
ded in places with gray shale. It isfairly extensive and isused
in places as an aquifer, even though its low permeability usu-
aly limits well yields to less than 5 gpm.

The overlying Patoka Formation contains another sand-
stone, the Inglefield, that is widely recognized as an aquifer
in southwestern Indiana. The Inglefield Sandstone member is
present in the basin in northern Gibson and southern Knox
counties. The sandstone is gray to tan, fine-grained, thin to
thick-bedded, and cross-bedded. It grades laterally into sandy
shale. The Inglefield is 20 to 40 feet thick in Gibson County.
North of Knox County it is rarely thicker than
20 feet. Wells tapping the Inglefield commonly
produce 5 to 20 gpm.

The overlying Bond Formation is primarily (95 percent)
sandstone, shale, and siltstone with minor amounts of lime-
stone, clay, and coal. It is the youngest bedrock formation in
the basin and only the lower portion is exposed. Its aquifer
potential is very limited.

The depth to the bedrock surface in the McLeansboro
Group is generally less than 35 feet. Wells range in depth
from 22 to 340 feet, but are typically 80 to 180 feet deep. The
amount of rock penetrated typically ranges from 40 to 130
feet, with amaximum of 300 feet. Static water levelsin wells
developed in the McLeansboro Group range from 1 to 125
feet below land surface, but are typically between 18 and 50
feet below the surface.

The elevations of water-bearing zones in the
Pennsylvanian/McLeansboro Group vary substantially. The
approximate elevation to bedrock for a specific location may
be determined by using the bedrock topography map (plate 3c).

In general the McLeansboro Group is considered a minor
ground-water source with most wells producing from the
Busseron and Inglefield sandstone members. Most domestic
wells produce between 1 and 9 gpm with localized yields of
up to 20 gpm. A few dry holes have been reported.

Water quality is generally good and the aquifer system is
not very susceptible to contamination from the land surface.
However, in limited areas some improperly constructed or
abandoned oil wells may have caused some contamination in
the immediate vicinity of the wells. Expected contaminants
would be dissolved solids, especialy sodium and chloride,
and crude oil. Natural water quality gets progressively worse
(more salty) in wells deeper than about 300 or 400 feet as the
strata dip below sealevel.

Ground-Water Development Potential

The development potential or potential yield of an aquifer
depends on aquifer characteristics such as hydraulic conduc-
tivity, aquifer thickness, storativity, areal extent, ground-
water levels, available drawdown, and recharge. All agquifer
properties are important, but three are particularly useful for

basin-wide ground-water resource assessment: recharge,
storativity, and transmissivity (hydraulic conductivity multi-
plied by aquifer thickness). If these properties can be deter-
mined for aquifer systems, and can be applied with a basic
understanding of hydrogeology, a qualitative comparison can
be made of ground-water development potential within a
basin and between basins. These three aquifer properties are
used in digital and analytical ground-water models.

Other factors such aswater quality, potential contamination
sources, demand, water rights, well design and well location
influence actual ground-water development. This section of
the report focuses primarily on transmissivity and recharge,
two aquifer characteristics important for ground-water devel-
opment. Water quality is discussed in the Ground-water
quality chapter of this report.

Transmissivity

Transmissivity is a measure of the water-transmitting capa-
bility of an aquifer. Expressed asthe rate at which water flows
through a unit width of an aquifer, transmissivity is defined as
the product of the hydraulic conductivity and the saturated
thickness of an aquifer. Methods used to compute transmis-
sivity are based upon amathematical relationship between the
pumping rate and the resultant drawdown of the water level
in the aquifer for a given set of well and aquifer conditions.

The most reliable method for calculating transmissivity isa
graphical approach based on detailed aquifer tests. The graph-
ical approach can only be used when extensive water level
data have been collected during the aquifer tests. Water levels
are recorded simultaneously at observation wells while the
test well is being pumped at a constant rate. The response of
an aquifer ismonitored over an areal extent that is determined
by the spatial distribution of the observation wells. Graphical
plots of time versus drawdown and distance versus drawdown
can yield reliable estimates of the hydraulic parameters of the
aquifer. However, unless an extensive well field is being
developed, an aquifer test is often not warranted because the
cost of installing observation wells and conducting the test
exceeds the immediate benefit. There are only a few such
aquifer tests available for the West Fork of the White River
basin (figure 12).

A method using specific capacity data based on drawdown
adjusted for well loss only was used to estimate aquifer trans-
missivity in the West Fork of the White River basin. Specific
capacity is defined as the rate at which water can be pumped
from a well per unit decline of water level in the well for a
specified time period (commonly expressed as gallons per
minute per foot of drawdown). Specific capacity testsareless
expensive than aquifer tests because drawdown typically is
measured only once at the pumped well just before the pump-
ing is stopped. These tests are conducted by the driller after
completion of the well. In reconnaissance ground-water
investigations useful estimates of aquifer transmissivity can
be based on specific capacity data (Walton, 1970).

Estimates of aquifer transmissivity in the West Fork of the
White River basin were generated from specific capacity data
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Transmissivity values from aquifer tests
for 16 wells in thousands GPD/FT

Unconsolidated
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[ County boundaries

Figure 12. Transmissivity estimates from aquifer tests

from nearly 3,400 water well records by using a computer
program called "TGUESS" (Bradbury and Rothschild, 1985)
(plate 8). The computer program can adjust drawdown values
from specific capacity tests to accommodate for well loss. It
can aso make a correction (rather than a drawdown adjust-
ment) for the effects of partial penetration. In most cases con-
sideration of these factors tends to increase estimates of spe-
cific capacity (Walton, 1970). However, if awell penetrates
an aquifer of unknown thickness, drawdown from specific
capacity tests cannot be accurately adjusted. In this case,
aquifer thickness was assumed to be equal to the thickness of
the aquifer penetrated by the well (unconsolidated) or open to
the well (bedrock). "TGUESS" tends to overestimate values
for aguifer transmissivity where less than 10 percent of the
aquifer is open to the well. This assumption eliminates this
prablem for bedrock wells and the computed transmissivity
of the aquifer can be considered to represent alocal minimum
transmissivity for the aguifer.
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Transmissivity values generated for the basin using
"TGUESS" were compared to values derived from aquifer
tests nearby and were found to be both conservative and high-
ly variable. The wide range in valuesis aresult of the hetero-
geneity of the geologic formations and the nature of the data
used to obtain the estimates. Data used in the analysis are
from different types of wells, ranging from shallow, small-
diameter domestic wells to deep, large-diameter high-capaci-
ty wells. So that only the most reliable datawere used for esti-
mating transmissivity, many wells were eliminated from con-
sideration. These include: unconsolidated wells under 5 inch-
esin diameter; bedrock wells under 4 inches in diameter; and
wellsthat were not air or pump tested. Furthermore, there are
differences in methods used by drillers to conduct and report
specific capacity test results. Thisvariability precludes devel-
oping reliable regional transmissivity estimates;, however, a
few general trends are observed.

Transmissivity values in the four most productive uncon-



Table 4 Typical transmissivity ranges for aquifer systems.

Aquifer System

[Transmissivity (gpd/ft)

Unconsolidated Aquifer Systems
White River and Tributaries Outwash Aquifer System

White River and Tributaries Outwash Aquifer Subsystem

Tipton Till Plain Aquifer System

Tipton Till Plain Aquifer Subsystem

Buried Valley Aquifer System

Lacustrine and Backwater Deposits Aquifer System
Dissected Till and Residuum Aquifer System

Bedrock Aquifer Systems
Ordovician/Maquoketa Group

Silurian and Devonian Carbonates

Devonian and Mississippian/New Albany Shale
Mississippian/Borden Group
Mississippian/Blue River and Sanders Groups

Mississippian/Buffalo Wallow,Stephensport, andWest Baden Groups

Pennsylvanian/Raccoon Creek Group
Pennsylvanian/Carbondale Group
Pennsylvanian/McLeansboro Group

14,690-150,560
1,940-54,870
2,950-29,700
1,370-11,700

*
*

*

*

190-3,810
110-1,130
120-1,680
80-1,050
40-730
40-330
40-290
120-960

* not enough data is available to determine typical ranges of transmissivity values for these aquifer systems

solidated aquifer systems typically range from about 1,400 to
150,000 gpd/ft. (table 4) The Buried Valley, Dissected Till
and Residuum, and Lacustrine and Backwater Deposits
aquifer systems lacked sufficient data to determine typical
transmissivity ranges. The most transmissive unconsolidated
aquifers generally occur in the White River valley where
locally thick outwash deposits are present. The highest trans-
missivity values are found in well-constructed high-capacity
wells. Although many domestic wells are completed in high-
ly transmissive outwash materials, the high-capacity wells are
usually constructed to maximize production with well screens
that are properly sized to the aquifer materials. High-capaci-
ty wells are usually more efficient at producing water from
aquifers because they have smaller well losses. The resulting
estimated transmissivity values are often greater than domes-
tic wells in the same aquifer material. For specific capacity
tests on low-capacity wells, pumping rates tend to be chosen
to confirm the minimum necessary production, rather than to
determine the maximum yield as with high-capacity wells.
Nearly 90 percent of the bedrock wells in the basin, for
which transmissivity values have been estimated, are devel-
oped in one of four bedrock aquifer systems. Raccoon Creek
Group; Blue River and Sanders Groups, Borden Group; or the
Silurian and Devonian Carbonates. For bedrock aquifers in
the basin, typical transmissivity values range from about 40
to 3,800 gpd/ft. (table 4). The Silurian and Devonian
Carbonate aquifer system has by far the greatest transmissiv-
ity of those with enough data available to determine typical
ranges. The least transmissive bedrock aquifer systems are
the Carbondale Group and the Raccoon Creek Group.
Interpretation of many transmissivity valuesis complicated

by the fact that the thickness of many aquifers, especially
bedrock, is not well defined. A given transmissivity value
could result from a thick sequence of relatively low-perme-
ability materials or from a thin sequence of relatively high-
permeability materials. Another complication is that some
wells are open to more than one aquifer system and thus may
not be properly assigned to the dominant aguifer. It must be
noted that there are areas where transmissivity data are sparse
(e.g., Greene County). This is due to a genera lack of com-
plete and reliable well construction and specific capacity test
data on records for wells in those aress.

Recharge

In general, ground water is recharged by that portion of pre-
cipitation that infiltrates through the soil profile to underlying
aquifers that have the ability to absorb, store, and transmit
water. Aquifer yield is dependent upon aquifer permeability,
aquifer storage, saturated thickness, available drawdown,
areal extent, and upon the number, spacing, diameter, and
pumping rates of the wells that tap the aquifer. The ultimate
development potential of an aquifer is often equated to the
total natural recharge to the aquifer. However, recharge will
vary considerably from year to year due to climatic variations
and will vary somewhat with pumping. Pumping can increase
effective recharge by lowering the water level in relatively
shallow aquifers, thereby reducing evapotranspiration losses.
Vertical recharge to confined aquifers is proportiona to the
head difference between the aquifers and overlying source
beds. Pumping can increase this head differential. By using
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Figure 13a. Estimated recharge rates of unconsolidated aquifer systems

artificial recharge practices and inducing recharge from near-
by streams, ground-water recharge can be significantly
increased in some areas.

The ground-water development potential of the aquifer sys-
tems in the West Fork White River basin may be evaluated
based on the natural recharge (derived chiefly from infiltra-
tion of direct precipitation) and areal extent of the aquifer sys-
tems. Estimates of natural recharge rates to the aquifer sys-
tems of the basin were based on severa types of analyses.
These included base-flow separation techniques and flow
duration analysis of many years of datafrom stream gagesin
the basin. Also, comparisons and adjustments were made for
each area of unconsolidated aquifer systems by considering
especialy how the hydrogeologic and spatial characteristics
of the deposits overlying the aquifer systems would affect
natural recharge rates. Qualitatively, the effects of upstream
reservoirs, water withdrawals, consumptive uses, and reintro-
duction of used water to the streams (from sewage treatment
plants) were also considered when evauating the base-flow data.
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The highest estimated rate of recharge to aquifers in the
West Fork White River basin is approximately 700,000 gal-
lons per day per square mile (gpd/sq mi) (14.70 inches per
year) as shown in table 5. This high rate occurs in the uncon-
fined White River and Tributaries Outwash Aquifer system
(figure 13a), which occupies only 11.6 percent of the basin
area but accounts for 32.2 percent of the recharge in the basin.
Infiltration of direct precipitation to this aquifer system is
high because of thinly-developed soils on thick, surficial sand
and gravel.

In contrast to the permeable surficial sediments overlying
the White River and Tributaries Outwash Aquifer system,
materials of and overlying the Dissected Till and Residuum
Aquifer system consist mostly of low-permeability glacial
tills and weathered bedrock residuum on hilly topography,
factors which promote surface runoff. The rate of recharge to
this aquifer system is estimated at only 150,000 gpd/sg mi
(3.15 inches per year). The Dissected Till and Residuum
Aquifer system occupies approximately 42.8 percent of the
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Figure 13b. Estimated recharge rates of bedrock aquifer systems

basin area but accounts for only 25.3 percent of the recharge
in the basin.

The northern part of the basin has considerably less rugged
topography than the southern part and surficial sediments are
predominantly silty-clay till deposits of Wisconsin age. These
deposits limit recharge to the Tipton Till Plain Aquifer system
and subsystem to an estimated 225,000 gpd/sq mi (4.73 inch-
es per year). These two aquifer systems cover 36.9 percent of
the total area of the basin and account for 32.7 percent of the
recharge.

Rates of recharge to bedrock aguifers in the West Fork
White River basin are generally low, ranging from an esti-

mated 25,000 to 100,000 gpd/sq mi. (0.53 to 2.1 inches per
year) as shown in table 5. Locally, where the Silurian and
Devonian Carbonates Aquifer system is overlain by outwash
sand and gravel, it is expected to have a significantly higher
recharge rate than whereit is covered by glacial till. The other
bedrock aquifer systems typically have very low recharge
rates. The water-bearing rock units themselves generally
have low permeability values. And, in many places there are
bedrock units of even lower permeability, situated above the
better water-bearing units, which severely limit vertical
recharge.

Ground-Water Hydrology 41



Table 5. Estimated recharge rates for aquifer systems

Area Recharge Rate

Aquifer System (sq mi) (in/ yr) [(gpd / sq mi) [(mgd) [(cfs) [(cfs / sq mi)

Unconsolidated
White River and Tributaries 652.19 14.70 700000 456.53 706.36 1.08
Outwash Aguifer System

White River and Tributaries 163.59 10.50 500000 81.80 126.56 0.77
Outwash Aquifer Subsystem

Tipton Till Plain Aquifer System 1560.83 4.73 225000 351.19 543.37 0.35
Tipton Till Plain Aquifer Subsystem 501.24 4.73 225000 112.78 174.49 0.35
Dissected Till and Residuum 2394.79 3.15 150000 359.22 555.79 0.23

Aquifer System

Lacustrine and Backwater Deposits 246.6 3.68 175000 43.16 66.77 0.27
Aquifer System

Buried Valley Aquifer System 79.31 3.68 175000 13.88 21.47 0.27
Basin Totals or Averages 5598.55 5.32 253377 1418.55 2194.82 0.39
Bedrock

Maquoketa Group 67.65 0.53 25000 1.69 2.62 0.04
Silurian and Devonian Carbonates 1679.57 2.10 100000 167.96 259.87 0.15
New Albany Shale 21151 1.05 50000 10.58 16.36 0.08
Borden Group 1247.73 1.05 50000 62.39 96.53 0.08
Blue River and Sanders Groups 500.86 1.58 75000 37.56 58.12 0.12
Buffalo Wallow, Stephensport, and 220.92 1.05 50000 11.05 17.09 0.08
West Baden Groups

Raccoon Creek Group 997.82 1.05 50000 49.89 77.19 0.08
Carbondale Group 417.7 1.05 50000 20.89 3231 0.08
McLeansboro Group 257.3 1.05 50000 12.87 19.91 0.08
Basin Totals or Averages 5601.06 1.41 66927 374.86 580.00 0.10
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GROUND-WATER QUALITY

The geochemistry of ground water may influence the utili-
ty of aquifer systems as sources of water. The types and con-
centrations of dissolved constituentsin the water of an aquifer
system determine whether the resource, without prior treat-
ment, is suitable for drinking-water supplies, industrial pur-
poses, irrigation, livestock watering, or other uses. Changes
in the concentrations of certain constituents in the water of an
aquifer system, whether because of natural or anthropogenic
causes, may alter the suitability of the aquifer system as a
source of water. Assessing ground-water quality and develop-
ing strategies to protect aquifers from contamination are nec-
essary aspects of water-resource planning.

Sources of ground-water quality data

The quality of water from the aquifer systems defined in
the Aquifer Systems section of the Ground-Water Hydrology
chapter is described using selected inorganic chemical analy-
ses from 372 wells (157 completed in unconsolidated
deposits and 215 completed in bedrock) in the West Fork
White River basin. Sources of ground-water quality data are
domestic, commercial or livestock-watering wells sampled
during a 1989 and 1990 cooperative effort between the
Indiana Department of Natural Resources, Division of Water
(DOW) and the Indiana Geological Survey (IGS). The loca
tions of ground-water chemistry sites used in the analysis are
displayed on plate 9, and selected water-quality data from
individual wells are listed in appendices 1 and 2.

The intent of the water-quality analysis is to characterize
the natural ground-water chemistry of the West Fork White
River basin. Specific instances of ground-water contamina-
tion are not evaluated. In cases of contamination, chemical
conditions are likely to be site-specific and may not represent
typical ground-water quality in the basin. Therefore, available
data from identified sites of ground-water contamination
were not included in the data sets analyzed for this publica-
tion. Samples collected from softened or otherwise treated
water were also excluded from the analysis because the
chemistry of the water was altered from natural conditions.

Factorsin the assessment of ground-water quality

Magjor dissolved constituents in the ground water of the
West Fork White River basin include calcium, magnesium,
sodium, chloride, sulfate, and bicarbonate. Less abundant
constituents include potassium, iron, manganese, strontium,
zinc, fluoride, and nitrate. Other chemical characteristics dis-
cussed in this report include pH, akalinity, hardness, total
dissolved solids (TDS), and radon.

Although the data from well-water samples in the West
Fork White River basin are treated as if they represent the
chemistry of ground water at a distinct point, they actually
represent the average concentration of an unknown volume of

water in an aguifer. The extent of aquifer representation
depends on the depth of the well, hydraulic conductivity of
the aguifer, thickness and areal extent of the aquifer, and rate
of pumping. For example, the chemistry of water sampled
from high-capacity wells may represent average ground-
water quality for alarge cone of influence (Sasman and oth-
ers, 1981). Also, because much of the bedrock in the southern
part of the basin does not produce much ground water, it is
not uncommon for bedrock wells to be deep and to intersect
several different bedrock units. Because the quality of water
may vary substantially from different zones individual wells
may show an unusual mixture of ground water types.

To further complicate analysis of the ground-water chem-
istry datain this basin, the bedrock in the southern third of the
basin wasformed in complex depositional environments result-
ing in complex horizontal and vertical relationships of various
bedrock units. In addition, there is an extensive major uncon-
formity (old erosion surface) of Mississippian/Pennsylvanian
age. Erosion and subsequent deposition of bedrock material
that occurred during this time period has resulted in younger or
more recent bedrock overlapping onto bedrock of different
ages and types.

The order in which ground water encounters strata of dif-
ferent mineralogical composition can exert an important con-
trol on the water chemistry (Freeze and Cherry, 1979).
Considering that hydrogeologic systems in the basin contain
numerous types of strata arranged in a wide variety of geo-
metric configurations, it is not unreasonable to expect that in
many areas the chemistry of ground water exhibits complex
spatial patterns that are difficult to interpret, even when good
stratigraphic and hydraulic head information is available.

The nature of the bedrock in the southern two-thirds of the
West Fork White River basin makes the use of aquifer sys-
tems to describe ground-water quality somewhat problemat-
ic. The boundaries of the bedrock aquifer systems are defined
by 2-dimensional mapping techniques. Although this type of
mapping is useful, it should be remembered that more pro-
ductive aquifer systems extend beneath less productive sys-
tems and are often used as a water supply within the bound-
aries of the latter.

In addition to the factors discussed above, the chemistry of
original aquifer water may be altered to some degree by con-
tact with plumbing, residence time in a pressure tank, method
of sampling, and time elapsed between sampling and labora-
tory analysis. In spite of these limitations, results of sample
analyses provide valuable information concerning ground-
water quality characteristics of aquifer systems.

Analysis of data

Graphical and statistical techniques are used to analyze the
available ground-water quality data from the West Fork
White River basin. Graphical analyses are used to display the
areal distribution of dissolved constituents throughout the
basin, and to describe the general chemical character of the
ground water of each aquifer system. Statistical analyses pro-
vide useful generalizations about the water quality of the
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Factors affecting ground-water chemistry

The chemical composition of ground water varies because of many com-
plex factors that change with depth and over geographic distances. Ground-
water quality can be affected by the composition and solubility of rock mate-
rials in the soil or aquifer, water temperature, partial pressure of carbon diox-
ide, acid-base reactions, oxidation-reduction reactions, loss or gain of con-
stituents as water percolates through clay layers, and mixing of ground water
from adjacent strata. The extent of each effect will be determined in part by
the residence time of the water within the different subsurface environments.

Rain and snow are the major sources of recharge to ground water. They
contain small amounts of dissolved solids and gases such as carbon dioxide,
sulfur dioxide, and oxygen. As precipitation infiltrates through the soil, biolog-
ically-derived carbon dioxide reacts with the water to form a weak solution of
carbonic acid. The reaction of oxygen with reduced iron minerals such as
pyrite is an additional source of acidity in ground water. The slightly acidic
water dissolves soluble rock material, thereby increasing the concentrations
of chemical constituents such as calcium, magnesium, chloride, iron, and
manganese. As ground water moves slowly through an aquifer the composi-
tion of water continues to change, usually by the addition of dissolved con-
stituents (Freeze and Cherry, 1979). A longer residence time will usually
increase concentrations of dissolved solids. Because of short residence time,
ground water in recharge areas often contains lower concentrations of dis-
solved constituents than water occurring deeper in the same aquifer or in
shallow discharge areas.

Dissolved carbon dioxide, bicarbonate, and carbonate are the principal
sources of alkalinity, or the capacity of solutes in water to neutralize acid.
Carbonate contributors to alkalinity include atmospheric and biologically-pro-
duced carbon dioxide, carbonate minerals, and biologically-mediated sulfate
reduction. Noncarbonate contributors to alkalinity include hydroxide, silicate,
borate, and organic compounds. Alkalinity helps to buffer natural water so that
the pH is not greatly altered by addition of acid. The pH of most natural ground
waters in Indiana is neutral to slightly alkaline.

Calcium and magnesium are the major constituents responsible for hard-
ness in water. Their presence is the result of dissolution of carbonate miner-
als such as calcite and dolomite.

The weathering of feldspar and clay is a source of sodium and potassium
in ground water. Sodium and chloride are produced by the solution of halite
(sodium chloride) which can occur as grains disseminated in unconsolidated
and bedrock deposits. Chloride also occurs in bedrock cementing material,
connate fluid inclusions, and as crystals deposited during or after deposition
of sediment in sea water. High sodium and chloride levels can result from
upward movement of brine from deeper bedrock in areas of high pumpage,
from improper brine disposal from peteroleum wells, and from the use of road
salt (Hem, 1985).

Cation exchange is often a modifying influence of ground-water chemistry.

The most important cation exchange processes are those involving sodium-
calcium, sodium-magnesium, potassium-calcium, and potassium-magnesium.
Cation exchanges occurring in clay-rich semi-confining layers can cause mag-
nesium and calcium reductions which result in natural softening.

Concentrations of sulfide, sulfate, iron, and manganese depend on geol-
ogy and hydrology of the aquifer system, amount of dissolved oxygen, pH,
minerals available for solution, amount of organic matter, and microbial activ-
ity.

Mineral sources of sulfate can include pyrite, gypsum, barite, and celestite.
Sulfide is derived from reduction of sulfate when dissolve oxygen concentra-
tions are low and anaerobic bacteria are present. Sulfate-reducing bacteria
derive energy from oxidation of organic compounds and obtain oxygen from
sulfate ions (Lehr and others, 1980).

Reducing conditions that produce hydrogen sulfide occur in deep wells
completed in carbonate and shale bedrock. Oxygen-deficient conditions are
more likely to occur in deep wells than in shallow wells because permeability
of the carbonate bedrock decreases with depth, and solution features and
joints become smaller and less abundant (Rosenshein and Hunn, 1968a;
Bergeron, 1981; Basch and Funkhouser, 1985). Deeper portions of the
bedrock are therefore not readily flushed by ground water with high dissolved
oxygen. Hydrogen sulfide gas, a common reduced form of sulfide, has a dis-
tinctive rotten egg odor that can be detected in water containing only a few
tenths of a milligram per liter of sulfide (Hem, 1985).

Oxidation-reduction reactions constitute an important influence on concen-
trations of both iron and manganese. High dissolved iron concentrations can
occur in ground water when pyrite is exposed to oxygenated water or when
ferric oxide or hydroxide minerals are in contact with reducing substances
(Hem, 1985). Sources of manganese include manganese carbonate,
dolomite, limestone, and weathering crusts of manganese oxide.

Sources of fluoride in bedrock aquifer systems include fluorite, apatite and
fluorapatite. These minerals may occur as evaporites or detrital grains in sed-
imentary rocks, or as disseminated grains in unconsolidated deposits. Ground
waters containing detectable concentrations of fluoride have been found in a
variety of geological settings.

Natural concentrations of nitrate-nitrogen in ground water originate from
the atmosphere and from living and decaying organisms. High nitrate levels
can result from leaching of industrial and agricultural chemicals or decaying
organic matter such as animal waste or sewage.

The chemistry of strontium is similar to that of calcium, but strontium is pre-
sent in ground water in much lower concentrations. Natural sources of stron-
tium in ground water include strontianite (strontium carbonate) and celestite
(strontium sulfate). Naturally-occurring barium sources include barite (barium
sulfate) and witherite (barium carbonate). Areas associated with deposits of
coal, petroleum, natural gas, oil shale, black shale, and peat may also contain
high levels of barium.

basin, such as the average concentration of a constituent and
the expected variability.

Regional trendsin ground-water chemistry can be analyzed
by developing trilinear diagrams for the aquifer systems in
the West Fork White River basin (appendix 3). Trilinear plot-
ting techniques developed by Piper (1944) can be used to
classify ground water on the basis of chemistry, and to com-
pare chemical trends among different aquifer systems (appen-
dix 3) (see sidebar titled Chemical classification of ground
water using trilinear diagrams). To graphically represent
variation in ground-water chemistry, box plots (appendix 4)
are prepared for selected ground-water constituents. Box
plots are useful for depicting descriptive statistics, showing
the general variability in constituent concentrations occurring
in an aquifer system, and making general chemical compar-
isons among aquifer systems.

Symmetry of a box plot across the median line (appendix
4) can provide insights into the degree of skewness of chem-
ical concentrations or parameter values in a data set. A box
plot that is almost symmetrical about the median line may
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indicate that the data originate from anearly symmetrical dis-
tribution. In contrast, marked asymmetry across the median
line may indicate a skewed distribution of the data.

The areal distribution of selected chemical constituents,
mapped according to aquifer system, is included among fig-
ures 14 to 26. Severa sampling and geologic factors compli-
cate the development of chemical concentration maps for the
West Fork White River basin. The sampling sites are not
evenly distributed in the basin, but are clustered around towns
and developed areas (plate 9). Data points are generally
scarce in areas where surface-water sources are used for
water supply. Furthermore, lateral and vertical variations in
geology can aso influence the chemistry of subsurface water.
Therefore, the maps presented in the following discussion
only represent approximate concentration ranges.

Where applicable, ground-water quality is assessed in the
context of National Primary and Secondary Drinking-Water
Standards (see sidebar titled National Drinking-water
Sandards). The secondary standard referred to in this report
is the secondary maximum contaminant level (SMCL). The



Chemical Classification of Ground waters Using
Trilinear Diagrams

Trilinear plotting systems were used in the study of water chemistry and
quality since as early as 1913 (Hem, 1985). The type of trilinear diagram used
in this report, independently developed by Hill (1940) and Piper (1944), has
been used extensively to delineate variability and trends in water quality. The
technique of trilinear analysis has contributed extensively to the understand-
ing of ground-water flow, and geochemistry (Dalton and Upchurch, 1978). On
conventional trilinear diagrams sample values for three cations (calcium, mag-
nesium and the alkali metals- sodium and potassium) and three anions (bicar-
bonate, chloride and sulfate) are plotted relative to one another. Since these
ions are generally the most common constituents in unpolluted ground waters,
the chemical character of most natural waters can be closely approximated by
the relative concentration of these ions (Hem, 1985; Walton, 1970).

Before values can be plotted on the trilinear diagram the concentrations of
the six ions of interest are converted into milliequivalents per liter (meg/L), a
unit of concentration equal to the concentration in milligrams per liter divided
by the equivalent weight (atomic weight divided by valence). Each cation
value is then plotted, as a percentage of the total concentration (meg/L) of all
cations under consideration, in the lower left triangle of the diagram. Likewise,
individual anion values are plotted, as percentages of the total concentration
of all anions under consideration, in the lower right triangle. Sample values are
then projected into the central diamond-shaped field. Fundamental interpreta-
tions of the chemical nature of a water sample are based on the location of
the sample ion values within the central field.

Distinct zones within aquifers having defined water chemistry properties
are referred to as hydrochemical facies (Freeze and Cherry, 1979).
Determining the nature and distribution of hydrochemical facies can provide
insights into how ground-water quality changes within and between aquifers.
Trilinear diagrams can be used to delineate hydrochemical facies, because
they graphically demonstrate relationships between the most important dis-
solved constituents in a set of ground-water samples.

A simple but useful scheme for describing hydrochemical facies with trilin-
ear diagrams is presented by Walton (1970) and is based on methods used
by Piper (1944). This method is based on the "dominance" of certain cations
and anions in solution. The dominant cation of a water sample is defined as
the positively charged ion whose concentration exceeds 50 percent of the
summed concentrations of major cations in solution. Likewise, the concentra-
tion of the dominant anion exceeds 50 percent of the total anion concentration
in the water sample. If no single cation or anion in a water sample meets this
criterion, the water has no dominant ion in solution. In most natural waters, the
dominant cation is calcium, magnesium or alkali metals (sodium and potassi-
um), and the dominant anion is chloride, bicarbonate or sulfate (accompany-
ing figure). Distinct hydrochemical facies are defined by specific combinations
of dominant cations and anions. These combinations will plot in certain areas
of the central, diamond-shaped part of the trilinear diagram. Walton (1970)
described a simple but useful classification scheme that divides the central
part of the diagram into five subdivisions. In the first four of these subdivisions,
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the concentration of a specific cation-anion combination exceeds 50 percent
of the total milliequivalents per liter (meg/L). Five basic hydrochemical facies
can be defined with these criteria:

1. Primary Hardness; Combined concentrations of calcium, magnesium
and bicarbonate exceed 50 percent of the total dissolved constituent load in
meg/L. Such waters are generally considered hard and are often found in
limestone aquifers or unconsolidated deposits containing abundant carbonate
minerals.

2. Secondary Hardness; Combined concentrations of sulfate, chloride,
magnesium and calcium exceed 50 percent of total meg/L.

3. Primary Salinity; Combined concentrations of alkali metals, sulfate and
chloride are greater then 50 percent of the total meg/L. Very concentrated
waters of this hydrochemical facies are considered brackish or (in extreme
cases) saline.

4. Primary Alkalinity; Combined sodium, potassium and bicarbonate con-
centrations exceed 50 percent of the total meq/L. These waters generally
have low hardness in proportion to their dissolved solids concentration
(Walton, 1970).

5. No specific cation-anion pair exceeds 50 percent of the total dissolved
constituent load. Such waters could result from multiple mineral dissolution or
mixing of two chemically distinct ground-water bodies.

Additional information on trilinear diagrams and a more detailed discussion
of the geochemical classification of ground waters is presented in Freeze and
Cherry (1979) and Fetter (1988).

SMCLs are recommended, non-enforceable standards estab-
lished to protect aesthetic properties such as taste, odor, or
color of drinking water. Some chemical constituents (includ-
ing fluoride and nitrate) are also considered in terms of the
maximum contaminant level (MCL). The MCL isthe concen-
tration at which a constituent may represent athreat to human
health. Maximum contaminant levels are legally-enforceable
primary drinking-water standards that should not be exceed-
ed in treated drinking water distributed for public supply.
General water-quality criteriafor irrigation and livestock and
standards for public supply are given in appendix 5.

Because of data constraints, ground-water quality can only
be described for selected aquifer systems as defined in the
Aquifer Systems section of this report (plate 5).
Unconsolidated aquifer systems analyzed include the Tipton
Till Plain, Tipton Till Plain subsystem, Dissected Till and
Residuum, White River and Tributaries Outwash, White
River and Tributaries Outwash subsystem, Buried Valley, and

Lacustrine and Backwater Deposits aquifer systems. Bedrock
aquifer systems analyzed include the Silurian and Devonian
Carbonates, Devonian and Mississippian/New Albany Shale,
Mississippian/Borden Group, Mississippian/Blue River and
Sanders Group, Mississippian/Buffalo Wallow, Stephensport,
and West Baden Group, Pennsylvanian/Raccoon
Creek Group, Pennsylvanian/Carbondale Group, and
Pennsylvanian/McLeansboro Group Aquifer systems. The
bedrock Ordovician/Maguoketa Group Aquifer system is not
included in the analysis as none of the wells sampled were
completed in that aquifer (Data on ground-water chemistry of
wells completed in Ordovician bedrock are available in the
DOW Whitewater River Basin report). Because the number
of samples from the White River and Tributaries Outwash,
Dissected Till and Residuum, Lacustrine and Backwater
Deposits, and Devonian and Mississippian/New Albany
Shale Aquifer systemsis 7 or less, the sampling results may
not accordingly reflect chemical conditions in these aquifers.

Ground-Water Quality 45



NATIONAL DRINKING-WATER STANDARDS

adversely affect the aesthetic quality of drinking water. The SMCLs are intend-
ed to be guidelines rather than enforceable standards. Although these regula-

National Drinking Water Regulations and Health Advisories (U. S. tions apply only to drinking water at the tap for public supply, they may be used
Environmental Protection Agency, 1993) list concentration limits of specified to assess water quality for privately-owned wells. The table below lists select-
inorganic and organic chemicals in order to control amounts of contaminants ed inorganic constituents of drinking water covered by the regulations, the sig-
in drinking water. Primary regulations list maximum contaminant levels (MCLs) nificance of each constituent, and their respective MCL or SMCL. Fluoride and
for inorganic constituents considered toxic to humans above certain concen- nitrate are the only constituents listed which are covered by the primary regu-
trations. These standards are health-related and legally enforceable. lations.

Secondary maximum contaminant levels (SMCLs) cover constituents that may

Secondary Maximum
Maximum Contaminant

Contaminant Level
Level (MCL)
(SMCL) (ppm)

Constituent (ppm) Remarks

Total Dissolved 500 * Levels above SMCL can give water a disagreeable taste. Levels above 1000 Solids

(TDS) mg/L may cause corrosion of well screens, pumps, and casings.

Iron 0.3 * More than 0.3 ppm can cause staining of clothes and plumbing fixtures, encrustation of
well screens, and plugging of pipes. Excessive quantites can stimulate growth of
iron bacteria.

Manganese 0.05 * Amounts greater than 0.05 ppm can stain laundry and plumbing fixtures, and may form a
dark brown or black precipitate that can clog filters.

Chloride 250 * Large amounts in conjunction with high sodium concentrations can impart a salty taste to
water. Amounts above 1000 ppm may be physiologically unsafe. High
concentrations also increase the corrosiveness of water.

Fluoride 2.0 4.0 Concentration of approximately 1.0 ppm help prevent tooth decay. Amounts above
recommended limits increase the severity and occurrence of mottling (discoloration of the
teeth). Amounts above 4 ppm can cause adverse skeletal effects (bone sclerosis).

Nitrate** * 10 Concentrations above 20 ppm impart a bitter taste to drinking water. Concentrations
greater than 10 ppm may have a toxic effect (methemoglobinemia) on young infants.

Sulfate 250 * Large amounts of sulfate in combination with other ions (especially sodium and
magnesium) can impart odors and a bitter taste to water. Amounts above 600 ppm can
have a laxative effect. Sulfate in combination with calcium in water forms hard scale in
steam boilers.

Sodium NL NL Sodium salts may cause foaming in steam boilers. High concentrations may render
water unfit for irrigation. High levels of sodium in water have been associated with
cardiovascular problems. A sodium level of less than 20 ppm has been recommended for
high risk groups (people who have high blood pressure, people genetically predisposed
to high blood pressure, and pregnant women).

Calcium NL NL Calcium and magnesium combine with bicarbonate, carbonate, sulfate and silica to
form heat-retarding, pipe-clogging scales in steam boilers. For further information on

Magnesium NL NL calcium and magnesium, see hardness.

Hardness NL NL Principally caused by concentration of calcium and magnesium. Hard water
consumes excessive amounts of soap and detergents and forms an insoluble scum or
scale.

pH - - USEPA recommends pH range between 6.5 and 8.5 for drinking water.

NL No Limit Recommended.
* No MCL or SMCL established by USEPA.
**  Nitrate concentrations expressed as equivalent amounts of elemental nitrogen (N).(Adapted from U.S. Environmental Protection Agency, 1993)
Note: 1 part per million (ppm) = 1 mg/L.
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Also, although the two-dimensional mapping used to delin-
eate the bedrock aquifer systems is useful, it should be
remembered that, especially for deeper wells, a significant
portion of the water produced could come from aquifer sys-
tems underlying the one mapped at the bedrock surface.

Trilinear-diagram analyses

Ground-water samples from aquifer systems in the West
Fork White River basin are classified using the trilinear plot-
ting strategy described in the sidebar titled Chemical classi-
fication of ground water using trilinear diagrams.
Trilinear diagrams devel oped with the available ground-water
chemistry data are presented in appendix 3.

Trilinear analysis indicates that most of the available
ground-water samples from the unconsolidated aquifers (92
percent) are chemicaly dominated by akaline-earth metals
(calcium and magnesium) and bicarbonate. Sodium concen-
trations exceed 40 percent of the sum of major cationsin only
8 samples, but variations in sodium levels are observed
among samples. The combined chloride and sulfate concen-
tration exceeds 50 percent of the sum of major anionsin only
2 percent of the samples.

In contrast, approximately 70 percent of the ground-water
samples from the bedrock aquifers are chemically dominated
by akaline-earth metals (calcium and magnesium) and bicar-
bonate. Two-thirds (approximately 22 percent) of the remain-
der are chemically dominated by sodium and bicarbonate.
The combined chloride and sulfate concentration exceeds 50
percent of the sum of major anions in fewer than 4 percent of
the samples.

Trilinear analysis suggests that the ground water from all
but one of the unconsolidated aquifer systems belong to adis-
tinct hydrochemical facies (appendix 3). Most samples from
these aguifer systems are chemically dominated by calcium,
magnesium, and bicarbonate (Ca-Mg-HCO;). The one excep-
tion isthe Lacustrine and Backwater Deposits Aquifer system
in which only 2 of the 4 samples belong to this facies. Also,
samples from a total of 6 wells in the White River and
Tributaries Outwash Aquifer system, White River and
Tributaries Outwash Aquifer subsystem, and the Lacustrine
and Backwater Deposits system have sodium as the dominant
cation with little calcium or magnesium.

In contrast to the ground-water samples from the unconsol-
idated aquifers, samples from some of the bedrock aquifers
appear to originate from more than one hydrochemical facies.
Although most of the samples in 6 of the 8 bedrock aguifer
systems belong to the calcium-magnesium-bicarbonate
facies, alarge portion of the samples from the Pennsylvanian
aquifer systems belong to the sodium bicarbonate facies. A
few samples from the Pennsylvanian aguifer systems belong
to the sodium-chloride facies. A small portion, 5 of the 215
ground-water samples from the bedrock aquifer systems, is
chemically dominated by calcium, magnesium, and sulfate
(Ca-Mg-SO,) ions. Three of these are within an approximate
4-mile radius of each other in northeastern Greene and south-
eastern Owen counties.

Differences in hydrochemical facies within and between
aquifer systems may indicate differences in the processes
influencing ground-water quality. Variations in the mineral
content of aquifer systems are probably a significant control
on the geochemistry of ground water. For example, the calci-
um-magnesium-bicarbonate waters in some wells probably
result from the dissolution of carbonate minerals. Calcium-
magnesium-sulfate dominated ground water in the West Fork
White River basin probably result from the dissolution of
gypsum, pyrite, or other sulfur-containing minerals. Sodium
bicarbonate dominated ground water may be due to cation
exchange processes with surrounding clays and clay miner-
as. Ground-water flow from areas of recharge to areas of dis-
charge and the subsequent mixing of chemically-distinct
ground water may also influence the geochemical classifica
tion of ground water in the West Fork White River basin.

Assessment of ground-water quality

Alkalinity and pH

The akalinity of a solution may be defined as the capacity
of its solutes to react with and neutralize acid. The alkalinity
in most natural watersis primarily due to the presence of dis-
solved carbon species, particularly bicarbonate and carbon-
ate. Other constituents that may contribute minor amounts of
akalinity to water include silicate, hydroxide, borates, and
certain organic compounds (Hem, 1985). In this report, alka-
linity is expressed as an equivalent concentration of dissolved
calcite (CaCO,). At present, no suggested limits have been
established for akalinity levels in drinking water. However,
some alkalinity may be desirablein ground water because the
carbonate ions moderate or prevent changes in pH.

Median akalinity levels vary among samples from differ-
ent aquifer systemsin the West Fork White River basin. Inthe
unconsolidated aquifer systems, alkalinity levels tend to be
higher in the northern part of the basin (figure 14a). In gener-
a, lower akalinity levels are observed in the White River and
Tributaries Outwash Aquifer system relative to the other
unconsolidated aquifer systems (figure 14a and appendix 4).
Median akalinity values for the bedrock aquifer systems
exhibit somewhat more variability than the unconsolidated
ones (figure 14b and appendix 4). Of these, the
Pennsylvanian systems show the greatest variability. Both the
lowest and highest median akalinity levels of all the aquifer
systems occur in the bedrock aquifers. The lowest alkalinity
levels are observed in the Mississippian/Buffalo
Wallow, Stephensport, and West Baden Group
Aquifer system, and the highest occur in the
Pennsylvanian/Carbondale Group Aquifer system.

The pH, or hydrogen ion activity, is expressed on a loga-
rithmic scale and represents the negative base-10 log of the
hydrogen ion concentration. Waters are considered acidic
when the pH is less than 7.0 and basic when the pH exceeds
7.0. Water with a pH value equal to 7.0 is termed neutral and
is not considered either acidic or basic. The pH of most
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Figure 14a. Generalized areal distribution for Alkalinity - Unconsolidated aquifers

ground water generally ranges between 5.0 and 8.0 (Davis
and DeWiest, 1970).

The types of dissolved constituents in ground water can
influence pH levels. Dissolved carbon dioxide (CO,), which
forms carbonic acid in water, is an important control on the
pH of natural waters (Hem, 1985). The pH of ground water
can also be lowered by organic acids from decaying vegeta-
tion, or by dissolution of sulfide minerals (Davis and
DeWiest, 1970). The United States Environmental Protection
Agency (USEPA) recommends a pH range between 6.5 and
8.5 in waters used for public supply. Ninety-two percent of
the ground-water samples in this study are within this range.

Of the 30 wells (23 bedrock and 7 unconsolidated) having
a pH outside the 6.5 and 8.5 range, twenty-two occur in the
southwest part of the basin in areas underlain by
Pennsylvanian bedrock (figure 15a and b). The Raccoon
Creek Group, which is Pennsylvanian in age, has the highest
median pH of all aquifer systems studied; it also exhibits the
greatest variability (appendix 4). The Carbondale Group,
which isalso Pennsylvanian in age, has the lowest median pH
of all aguifer systems studied; it aso exhibits great variahility.
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Two areas, one in Clay County, the other near the
Daviess/Martin county line, display the greatest variability in
pH values including high and low values from wells in close
proximity to each other. The depth of wells and type of
bedrock sampled appear to play an important role in the vari-
ability. The complex lithology of the Pennsylvanian bedrock
and the presence of a major unconformity that creates a vari-
able sequence of layers can explain the variability in ground-
water chemistry. Human influence, especially previous min-
ing nearby, may also play arole on alocal level.

Hardness, calcium and magnesium

"Hardness' is aterm relating to the concentrations of cer-
tain metallic ions in water, particularly magnesium and calci-
um, and is usually expressed as an equivalent concentration
of dissolved calcite (CaCO; ). In hard water, the metallicions
of concern may react with soap to produce an insoluble
residue. These metallic ions may also react with negatively-
charged ions to produce a solid precipitate when hard water is
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heated (Freeze and Cherry, 1979). Hard waters can thus con-
sume excessive quantities of soap, and cause damaging scale
in water heaters, boilers, pipes, and turbines. Many of the
problems associated with hard water, however, can be miti-
gated by using water-softening equipment.

Durfor and Becker (1964) developed the following classi-
fication for water hardness that is useful for discussion pur-
poses. soft water, 0 to 60 mg/L (as CaCO,); moderately hard
water, 61 to 120 mg/L ; hard water, 121 to 180 mg/L ; and very
hard water, over 180 mg/L. A hardness level of about 100
mg/L or less is generally not a problem in waters used for
ordinary domestic purposes (Hem, 1985). Lower hardness
levels, however, may be required for waters used for other
purposes. For example, Freeze and Cherry (1979) suggest
that waters with hardness level s above 60-80 mg/L may cause
excessive scale formation in boilers.

Ground water in the West Fork White River basin can be
generally characterized as hard to very hard in the Durfor and
Becker hardness classification system. The measured hard-
ness level is below 180 mg/L (as CaCO,) in fewer than 20
percent of the ground-water samples. Generaly, the uncon-

solidated aquifer systems in the basin have higher hardness
values than the bedrock aquifer systems (appendix 4). The
Tipton Till Plain Aquifer system has the highest median hard-
ness value of al the aquifer systems at 350 mg/L (appendix
4). Only two aquifer systems have median hardness values
below 180 mg/L: The Pennsylvanian/Raccoon Creek Group,
and Carbondale Group. Median hardness levels exceed 260
mg/L in samples from all other aquifer systems under consid-
eration (appendix 4). Wells having hardness levels below 60
mg/L occur primarily in the Pennsylvanian bedrock aquifers
in the southwest part of the basin.

Figure 16a and b display the spatia distribution of ground-
water hardness levels for the unconsolidated and bedrock
aquifers in the West Fork White River basin. In general,
ground-water hardness levels are higher in the northeast por-
tion of the West Fork White River basin relative to the south-
west portion of the basin. The unconsolidated Tipton Till
Plain Aquifer system and subsystem and the bedrock Silurian
and Devonian Carbonates Aquifer system, all of which have
high median hardness levels, cover a substantia part of the
northeast portion of the basin.
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Figure 15a. Distribution of pH values for sampled wells - Unconsolidated aquifers

Box plots of calcium and magnesium concentrations in
ground water are presented in appendix 4. Because calcium
and magnesium are the major constituents responsible for
hardness in water, the highest levels of these ions generally
occur in ground water with high hardness levels. As expect-
ed, the unconsolidated Tipton Till Plain Aquifer system and
subsystem and the bedrock Silurian and Devonian Carbonates
Aquifer system have high median calcium and magnesium
levels relative to most of the other aquifer systems. At the
time of this publication, no enforceable or suggested stan-
dards have been established for calcium or magnesium.

Chloride, sodium and potassium

Chloride in ground water may originate from various
sources including: the dissolution of halite and related miner-
als, marine water entrapped in sediments, and anthropogenic
sources. Although chloride is often an important dissolved
congtituent in ground water, only three of the samples from
the aquifer systems in the West Fork White River basin are
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classified as chloride dominated (appendix 3). Median chlo-
ride levels are less than 15 mg/L in all of the aquifer systems
under consideration except the New Albany Shale (appendix
4). The highest median levels of all aquifer systems (approx-
imately 40 mg/L) are in the Devonian and Mississippian New
Albany Shale (appendix 4). The highest median values for
unconsolidated aquifers occur in the White River and
Tributaries Outwash subsystem and White River and
Tributaries Outwash. Chloride concentrations at or above 250
mg/L, the SMCL for thision, are detected in only six samples,
all from bedrock aquifers.

Anthropogenic processes can locally affect chloride con-
centrations in ground water. Some anthropogenic factors
commonly cited as influences on chloride levels in water
include road salting during the winter, improper disposa of
oil-field brines, contamination from sewage, and contamina-
tion from various types of industrial wastes (Hem, 1985,
1993). Five of the six wells with chloride levels at or above
the SMCL occur in the southwestern part of the basin in the
Pennsylvanian/Raccoon Creek Group Aquifer system. These
wells have characteristics similar to the "soda water" wells
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Figure 15b. Distribution of pH values for sampled wells - Bedrock aquifers

referenced in USGS WRI Report 97-4260 p. 35: bedrock
wells greater than 100 feet deep in coal seams or sandstone
aquifers that produce soft, sodium-chloride type water, with
high TDS levels.

The dissolution of table salt or halite (NaCl) is sometimes
cited as a source of both sodium and chloride in ground water.
A gualitative technique to determine if halite dissolution isan
influence on ground-water chemistry is to plot sodium con-
centrations relative to chloride concentrations. Because sodi-
um and chloride ions enter solution in equal quantity during
the dissolution of halite, an approximately linear relationship
may be observed between these ions (Hem, 1985). If the con-
centrations are plotted in milliequivalents per liter, thislinear
relationship should be described by aline with a slope equal
to one.

No clearly-defined linear relationship between concentra-
tions of chloride and sodium is apparent in the ground-water
samples under consideration (figure 17). This suggests that
the concentrations of sodium and chloride in ground water of
the West Fork White River basin are heavily influenced by

factors other than to the dissolution of halite. Figure 17 and
the box plots in appendix 4 indicate that sodium concentra-
tions exceed chloride concentrations in many (70 percent) of
the samples under consideration, suggesting that additional
sources of sodium may be present. For example, calcium and
magnesium in solution can be replaced by sodium on the sur-
face of certain clays by ion exchange. Another possible
source of sodium in ground water is the dissolution of silicate
mineralsin glacial deposits.

The highest sodium levels are found generaly in the
Pennsylvanian bedrock aquifer systems (figure 18), especial-
ly in the Carbondale and Raccoon Creek Groups. Trilinear
analysis suggests that approximately 22 percent of bedrock
samples are sodium and bicarbonate dominated.

Box plots of potassium concentrations in ground-water
samples from the aquifer systems under consideration are dis-
played in appendix 4. In many natural waters, the concentra-
tion of potassium is commonly less than one-tenth the con-
centration of sodium (Davis and DeWiest, 1970). Almost 85
percent of the samples used for this report have potassium

Ground-Water Quality 51



[ ] <200 mg
I 200-400 mgiL
B 400 mon

Concentration ranges shown on this map portray
general trends interpreted from the data collected
for this study. Higher and/or lower concentrations
may occur in an individual well within the geographic
area shown in a given range.
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concentrations that are less than one-tenth the concentration
of sodium.

Sulfate and sulfide

Sulfate (SO,), an anion formed by oxidation of the element
sulfur, is commonly observed in ground water. The estab-
lished secondary maximum contaminant level (SMCL) for
sulfate is 250 mg/L. Median sulfate levels for the samples
from al aquifer systems in the West Fork White River are
well below the SMCL. However, there are 8 ground-water
samples that have sulfate concentrations above the SMCL,
and another 16 samples have sulfate concentrations above
100 mg/L. The eight samples having sulfate values above the
SMCL are all bedrock wells located in the southern part of
Owen and Clay Counties and the northern part of Greene
County. The other 16 are also located primarily in the south-
west part of the basin with about half from unconsolidated
aquifer systems. In general, sulfate levels are higher in the
bedrock aquifer systems in the basin than in the unconsoli-

52  Ground-Water Resour ce Availability, West Fork and White River Basin

dated systems. But, median sulfate concentrations vary con-
siderably in both bedrock and unconsolidated aquifer sys
tems.

Concentration ranges of sulfate in the unconsolidated
aquifer systems are shown in figures 19aand b. Of the uncon-
solidated aguifer systems, the White River and Tributaries
Outwash Aquifer system has the highest median levels. The
aquifer system having the overall highest median levelsisthe
Muissi ssippian/Buffal o Wallow, Stephensport, and West Baden
Group bedrock aquifer system; however, it must be remem-
bered that the boundaries of each bedrock aguifer system are
based on the boundaries of the subcrop of each major bedrock
system. Therefore, wells located within this bedrock aquifer
system may actually extend through the upper system into the
underlying aquifer system (Blue River Group).

Various geochemical processes, sources, and time may
influence the concentration of sulfate in ground water. One
important source is the dissolution or weathering of sulfur-
containing mineras. Two possible minera sources of sulfate
have been identified in the aguifers of the West Fork White
River basin.
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The first includes evaporite minerals, such as gypsum and
anhydrite (CaSO,). Gypsum and anhydrite are the two calci-
um sulphate minerals occurring in nature. Evaporite minerals
are known to occur in both Mississippian and Devonian
bedrock, and to alesser extent, in Pennsylvanian and Silurian
bedrock. Fragments of evaporite-bearing rocks may also have
been incorporated into some unconsolidated units during
glacial advances. There are rather extensive gypsum deposits
in the lower part of the . Louis limestone. The St. Louis
evaporite unit accumulated in small basins within larger
basins (intrasilled basins). Three major intrasilled basins exist
in southwestern Indiana and are aligned in a northwest-south-
east direction that corresponds to the trend of the rock forma-
tions. The maximum accumulation of the evaporites corre-
sponds to the geographic locations of the intrasilled basins.
One of these intrasilled basins lies within the West Fork
White River basin in northern Greene County, southwestern
Owen County, and southern Clay County.

The second possible mineral source of sulfate is pyrite
(FeS,), amineral present in Silurian dolomite as highly local-
ized nodules. Pyrite is also a common mineral in carbona-
ceous or black shales and Pennsylvanian coal beds. The oxi-
dation of pyrite releases iron and sulfate into solution.

The high-sulfate ground-water samples taken from western
Monroe, northeastern Greene, and southeastern Owen coun-
ties appear to be a result of dissolution of gypsum deposits
related to the St. Louis limestone deposits. The high-sulfate
ground-water samples taken from western Owen and Clay
counties may be related to past coal-mining operations near-
by. However, it is not apparent what the sources of other high-
sulfate samples in the basin are.

Under reducing, low-oxygen conditions, sulfide (S2) may
be the dominant species of sulfur in ground water. Some of
the most important influences on the levels of sulfide in
ground water are the metabolic processes of certain types of
anaerobic bacteria. These bacteria use sulfate reduction in
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Figure 17. Sodium vs. Chloride in ground-water samples
from the West Fork White River Basin

their metabolism of organic matter, which produces sulfide
ions as a by-product (Freeze and Cherry, 1979; Hem, 1985).

A sulfide compound that is commonly considered undesir-
able in ground water is hydrogen sulfide (H,S) gas. In suffi-
cient quantities, hydrogen sulfide gas can give water an
unpleasant odor, similar to that of rotten eggs. At present,
there is no established SMCL for hydrogen sulfide in drink-
ing water. Hem (1985) notes that most people can detect a
few tenths of amilligram per liter of hydrogen sulfide in solu-
tion, and Freeze and Cherry (1979) state that concentrations
greater than about 1 mg/L may render water unfit for drink-
ing. Hydrogen sulfide is also corrosive to metals and, if oxi-
dation to sulfuric acid occurs, concrete pipes. Possible results
of hydrogen sulfide-induced corrosion include damage to
plumbing, and the introduction of metals into water supplies
(GeoTrans Inc., 1983)

Available data on the occurrence of hydrogen sulfide in the
ground waters of the West Fork White River basin are quali-
tative. Well drillers may note the occurrence of "sulfur water"
or "sulfur odor" on well records. This observation usually
indicates the presence of noticeable levels of hydrogen sul-
fide gasin the well water. The occurrence of hydrogen sulfide
is recorded on a few well records of those sampled in this
study from Marion, Clay, and Putnam counties. Most of the
recorded instances of detectable hydrogen sulfide levels
examined for this report occur in wells completed in the
Mississippian and Pennsylvanian bedrock aquifer systems.

Iron and Manganese

Because iron is the second most abundant metallic element
in the Earth's outer crust (Hem, 1985), iron in ground water
may originate from a variety of mineral sources; and severa
sources of iron may be present in a single aquifer system.
Oxidation-reduction potentials, organic matter content, and
the metabolic activity of bacteria can influence the concen-
tration of iron in ground water. Because iron-bearing rocks
were eroded, transported and deposited by glaciers, including
igneous and metamorphic rocks from as far north as Canada,
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they have been incorporated into and are abundant in many
unconsolidated deposits. Pyrite (FeS,) oxidation may also
contribute iron to unconsolidated aquifer systems. Ironisalso
present in organic wastes and in plant debris in soils. The
presence of high iron concentrations in ground water with
low sulfate levels may reflect siderite (FeCO,) dissolution or
the reduction of sulfate created by pyrite oxidation (Hem,
1985). Low concentrations in some of the bedrock systems
may be explained by precipitation of iron minerals from
activity of reducing bacteria (Hem, 1985) or by the loss of
iron from cation-exchange processes occurring in confining
clay, till or shale overlying the bedrock.

Iron levels equal to or below the SMCL are observed in less
than 40 percent of al samples analyzed for this constituent.
Iron concentrations commonly exceed the SMCL of 0.3 mg/L
in water samples from both the unconsolidated and the
bedrock aquifer systems (appendix 4). The SMCL for iron is
less commonly exceeded in bedrock aquifer systems than in
unconsolidated deposits. Forty-eight percent of the bedrock
aquifer systems samples exceed the SMCL but 80 percent of
the unconsolidated aquifer systems samples exceed the
SMCL. Calculated median iron concentrations range between
approximately 0.1mg/L and 1.2 mg/L in samples from the
bedrock aguifer systems, and 0.75 mg/L and 2.4 mg/L in sam-
ples from the unconsolidated aquifer systems. Concentration
ranges of iron in ground water of the unconsolidated and
bedrock aquifer systems are mapped in figures 20a and b.

Water samples with iron levels above the SMCL are
observed in al samples from wells completed in the uncon-
solidated Buried Valley aquifer system and 92 percent of the
wells completed in the Tipton Till Plain Aquifer system.
Water samples in bedrock aquifer system that have the high-
est percentage of ground-water samples with iron levels
above the SMCL originate from wells completed in the
Silurian and Devonian Carbonates.

In the West Fork White River basin the oxidation of pyrite
fragments in glacial till deposits may produce the high iron
concentrationsin the Tipton Till Plain; the occurrence of high
sulfate concentrationsin many of the samples containing high
iron concentrations is one indication that pyrite may be a
source of dissolved iron. High iron concentrations are known
to occur locally in the Silurian and Devonian carbonates; for
example, the Liston Creek and upper Mississinewa forma-
tions in the northern part of the basin are known to contain
pyrite and glauconite (another mineral that contains iron). In
the southern part of the basin, the minerals pyrite and siderite
are present in clay, shale, and coal units. Ferruginous shales
and sandstones in some Pennsylvanian formations are also a
source of other iron minerals.

Although the geochemistry of manganese is similar to that
of iron, the manganese concentration in unpolluted waters is
typically less than half the iron concentration (Davis and
DeWiest, 1970). Manganese has a low SMCL (0.05 mg/L)
relative to many other common constituents in ground water
because even small quantities of manganese can cause objec-
tionable taste and the deposition of black oxides. Because the
detection limit for manganese in the DOW-IGS samples is
twice the value of the SMCL, the number of times the SMCL
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is exceeded in this data set cannot be quantified. However,
ground-water samples with manganese concentrations equal
to or above the detection limit are observed in al of the
aquifer systems in the West Fork White River basin (appen-
dix 1).

Manganese in West Fork White River basin ground water
originates from the weathering of rock fragments in the
unconsolidated deposits and oxidation/dissolution of the
underlying bedrock. Limestones and dolomites may be a
minor source of manganese, because small amounts of man-
ganese commonly substitute for calcium in the mineral struc-
ture of carbonate rocks (Hem, 1985). Manganese oxides have
been found in siderite and limonite concretions in
Mississippian rocks of the Borden Group and in concretions
in the Mansfield iron ores of the Raccoon Creek Group.
Manganese oxides have aso been found in Indiana kaolin
(halloysite) deposits, some of which occur at the contact of
the Pennsylvanian Mansfield Formation with underlying
Mississippian formations (Erd and Greenberg, 1960). Oxides
of manganese can a so accumulate in bog environments or as
coatings on stream sediments (Hem, 1985). Therefore, it is

possible that high manganese levels may occur in ground
water from wetland environments or buried stream channels.

Fluoride

Many compounds of fluoride can be characterized as only
slightly soluble in water. Concentrations of fluoride in most
natural waters generally range between 0.1 mg/L and 10
mg/L (Davis and DeWiest, 1970). Hem (1985) noted that flu-
oride levels generally do not exceed 1 mg/L in most natural
waters with TDS levels below 1000 mg/L. The beneficial and
potentially detrimental health effects of fluoride in drinking
water are outlined in the sidebar titled National Drinking-
Water Sandards.

Box plots of fluoride concentrations in ground-water sam-
ples from the aquifer systems under consideration are dis-
played in appendix 4. Seven of the well samples analyzed for
fluoride contain levels at or above the 4.0 mg/L MCL. All of
these occur in the Pennsylvanian/Raccoon Creek Group
Aquifer system. Concentrations equal to or above the SMCL
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for fluoride (2.0 mg/L) are detected in 33 samples and occur
in al of the bedrock aguifer systems, but occur in only three
samples from the unconsolidated aquifer systems (appendix 4
and figures 21a and b).

Fluoride-containing minerals such as fluorite, apatite and
fluorapatite commonly occur in clastic sediments (Hem,
1985). The weathering of these minerals may thus contribute
fluoride to ground water in sand and gravel units. The miner-
a fluorite may aso occur in limestones or dolomites.
Fluoride may also substitute for hydroxide (OH") in some
minerals because the charge and ionic radius of thesetwo ions
are similar (Manahan, 1975; Hem, 1985).

Nitrate

Nitrate (NOy’) is the most frequently detected drinking-
water contaminant in the state (Indiana Department of
Environmental Management, [1995]) as well as the most
common form of nitrogen in ground water (Freeze and
Cherry, 1979). Madison and Brunett (1984) developed con-
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centration criteria to qualitatively determine if nitrate levels
(asan equivalent amount of nitrogen) in ground water may be
influenced by anthropogenic sources. Using these criteria,
nitrate levels of lessthan 0.2 mg/L are considered to represent
natural or background levels. Concentrations ranging from
0.21 to 3.0 mg/L are considered transitional, and may or may
not represent human influences. Concentrations between 3.1
and 10 mg/L may represent elevated concentrations due to
human activities.

High concentrations of nitrate are undesirable in drinking
waters because of possible health effects. In particular, exces-
sive nitrate levels can cause methemoglobinemia primarily in
infants. The maximum contaminant level, MCL, for nitrate
(measured as N) is 10 mg/L.

Ranges of nitrate levels (measured as N) in ground-water
samples from the West Fork White River basin are plotted in
figures 22a and b. Because most samples were below the
DOW-IGS detection limit, the occurrence of "background"
levels as defined by Madison and Brunett (1984) cannot be
quantified. However, figures 22a and b indicate that most of
the samples contain nitrate concentrations below the level
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interpreted by Madison and Brunett (1984) to indicate possi-
ble human influences.

Only six samples with nitrate levels exceeding the MCL
were recovered from wells in the basin (figures 22a and b).
Four of these were from the White River and Tributaries
Outwash Aquifer system in Knox and Daviess Counties.
Nitrate levels from other sampled wells that are nearby, how-
ever, are below the detection limit. Overall, the distribution of
nitrate concentrations in ground water of the West Fork White
River basin appears to indicate that levels generaly do not
exceed 1.0 mg/L, as almost 90 percent of the samples are
below that level. High concentrations of nitrate, which may
suggest human influences, appear to occur in isolated wells or
limited areas.

Two other studies also provide perspective on nitrate in
ground water in the West Fork White River basin, one con-
ducted by the Indiana Farm Bureau and another by the U.S.
Geological Survey. A brief discussion of these studies and

their findings follow.

In 1987, the Indiana Farm Bureau, in cooperation with var-
ious county and local agencies, began the Indiana Private
Well Testing Program. The purpose of this program is to
assess ground-water quality in rural areas, and to develop a
statewide database containing chemical analysis of well sam-
ples. By the end of 1993 samples from over 9000 wells, dis-
tributed over 68 counties, had been collected and analyzed as
apart of the program (Wallrabenstein and others, 1994). Most
of the ground-water samples collected during this study were
analyzed for inorganic nitrogen and some specific pesticides.
The results of the pesticide sampling are presented in the sec-
tion entitled Pesticides in West Fork White River basin
ground waters.

The techniques used to analyze the samples collected for
the Farm Bureau study actually measured the combined con-
centrations of nitrate and nitrite (nitrate+nitrite). However,
the researchers noted that nitrite concentrations were general -
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ly low. Thus the nitrate+nitrite concentrations were approxi-
mately equal to the concentrations of nitrate in the sample
(Wallrabenstein  and others, 1994). The MCL for
nitrate+nitrite (as equivalent elemental nitrogen) is 10 mg/L.

Greene, Pike, and Randolph are the only counties of the 29
counties (table 1) that lie partialy or wholly within the West
Fork White River basin that did not participate in the Farm
Bureau study. For this discussion, however, only the statistics
for the counties that have more than 50 percent of their area
encompassed within the basin were closely examined: Clay,
Daviess, Delaware, Hamilton, Hendricks, Knox, Madison,
Marion, Morgan, Owen, and Putnam. Statistics for Boone,
Johnson, Monroe, and Tipton counties were aso briefly
examined because these counties have more than 35 percent
of their areain the basin. Data on the owners and exact loca-
tions of the wells sampled for the Farm Bureau study were
not provided in the report. Although the exact |ocations of the
samples cannot be determined, the data do provide a general
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sense for nitrate conditions in the basin.

Approximately 80 percent of all samplesin the counties of
the basin had nitrate+nitrite concentrations below the report-
ing limit of 0.3 mg/L. Nitratet+nitrite concentrations above the
MCL were observed in approximately 3 percent of the wells
sampled.

Although most of the samples had concentrations below
reporting limits, samples from each county contained
nitrate+nitrite levels over the reporting limit (0.3 mg/L). The
largest number of samples having nitrate+nitrite concentra-
tions above the reporting limit were in Hendricks, Putnam,
Johnson, Morgan, and Daviess Counties. The smallest num-
ber of samples and smallest percentage of samples having
nitrate+nitrite concentrations above the reporting limit were
reported for Tipton, Boone, and Madison Counties.

However, sheer numbers do not necessarily represent the
complete picture of the nitrate situation in a county.
Differences in sample size in the counties tend to distort the
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magnitude of the nitrate issue in a county. For example,
although Hendricks County reported 94 samples above
reporting limits, the large sample size of 873 make the per-
centage of samples having reportable levels at less than 11
percent. Whereas, the small sample size of 31 for Knox
County produce approximately 71 percent result for samples
having reportable values. In spite of the small sample size
there are obviously nitrate issues in Knox County, because
approximately 50 percent of the samples taken in the county
had reported values greater than 3.0 mg/L, including 29 per-
cent with nitrate values greater than the MCL.

A variety of anthropogenic activities can contribute nitrate
to ground waters, and may increase nitrate concentrations
above the MCL. Because nitrate is an important plant nutri-
ent, nitrate fertilizers are often added to cultivated soils.
Under certain conditions, however, these fertilizers may enter
the ground water through normal infiltration or through a
poorly-constructed water well. Nitrate is commonly present

in domestic wastewater, and high levels of this constituent are
often associated with septic systems. Animal manure can also
be a source of nitrate in ground-water systems, and high
nitrate levels are sometimes detected in ground waters down-
gradient from barnyards or feedlots. Because many sources of
nitrate are associated with agriculture, rural areas may be
especially susceptible to nitrate pollution of ground water. To
help farmers and other rural-area residents assess and mini-
mize the risk of ground-water contamination by nitrate and
other agricultural chemicals, the American Farm Bureau
Federation has developed a water quality self-help checklist
specifically for agricultural operations (American Farm
Bureau Federation, 1987).

In 1991, the U.S. Geological Survey (USGS) began the
National Water-Quality Assessment (NAWQA) Program. The
long-term goals of the NAWQA Program are to describe the
status and trends in the quality of the Nation's surface and
ground water and to provide a sound scientific understanding
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of the primary natural and human factors affecting the quali-
ty of these resources (Hirsch and others, 1988).

The White River Basin in Indiana was among the first 20
river basins to be studied as part of the NAWQA program. A
component of the White River Basin study isto determine the
occurrence of nitrate in the shallow ground water of the basin.
Moore and Fenelon (1996) describe nitrate data collected
from 103 monitoring wells from June 1994 through August
1995. The study included both the West Fork and the East
Fork White River Water Management basins of Indiana.

Findings of the study:

* Nitrate concentrations in water samples from the 94 shal-
low wellsin the White River Basin ranged from less than 0.05
mg/L to ahigh of 21 mg/L.

» Water from 6 of the 94 shallow wells (6.4 percent) con-
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tained nitrate concentrations higher than 10 mg/L. Nitrate
was not detected, at a detection limit of 0.05 mg/L, in 43 per-
cent of the shallow wells.

« In contrast to the wells with no detectable nitrate, samples
from 29 percent of the shallow wells had nitrate concentra-
tions higher than 3.0 mg/L.

* The paired wellsin the fluvial deposits show stratification
of nitrate concentration with depth. The largest percentage of
shallow wellswith anitrate concentration between 3.1 and 10
mg/L (42 percent) and the largest percentage of shallow wells
with a nitrate concentration higher than 10 mg/L (17 percent)
were in fluvial deposits underlying agricultural land.

« Nitrate concentrations in samples from three-fourths of
the shallow wells in fluvial deposits underlying urban land
were above the detection limit; however, the nitrate concen-
tration did not exceed 10 mg/L in any of the samples.

» Water samples from more than one third of the wells in the
glacial lowland had nitrate concentrations higher than 3.0 mg/L.
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* Nitrate concentrations were below the detection limit in
samples from approximately 65 percent of the wellsin thetill
plain and 41 percent of the wells in the glacial lowland.

Strontium

Ground water in the West Fork White River basin may be
characterized as containing "relatively high" concentrations
of strontium compared to ground water in other regions. For
example, Skougstad and Horr (1963) analyzed 175 ground-
water samples from throughout the United States and noted
that 60 percent contained less than 0.2 mg/L of strontium.
Davis and DeWiest (1970) report that concentrations of stron-
tium in most ground water generally range between 0.01 and
1.0 mg/L. Of the 372 ground-water samples analyzed for
strontium in this report, however, only about 22 percent con-
tained strontium concentrations less than 0.2 mg/L. Almost

25 percent of the wells sampled in the West Fork White River
basin contained strontium concentrations greater than 1.0
mg/L. Figures 23a and b display the spatial distribution of
ground-water strontium levels for the unconsolidated and
bedrock aquifer systems in the West Fork White River basin.

The unconsolidated aquifer systems generally have lower
median strontium concentrations than the bedrock aquifer
systems. The lowest median strontium concentrations of all
the aquifer systems are observed in the ground-water samples
from the unconsolidated White River and Tributaries
Outwash Aquifer system and subsystem. The unconsolidated
aquifer systems with the highest median strontium concentra-
tions are the Tipton Till Plain Aquifer system and subsystem.
The lowest median strontium concentrations in the bedrock
aquifer systems are observed in samples from the
Pennsylvanian bedrock systems. The Mississippian/Buffalo
Wallow, Stephensport, and West Baden Group Aquifer sys-
tem has the highest median strontium concentration of all the
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aquifer systems (appendix 4).

Elevated concentrations of strontium are apparent in the
bedrock aquifersin some areas of Monroe, Greene, and Owen
Counties, and in the unconsolidated and bedrock aquifers of
Randolph County. At the time of this report, no enforceable
drinking-water standards have been established for strontium.
However, the non-enforceable lifetime health advisory for
strontium is set at 17.0 mg/L. Four samples from wells com-
pleted in the Mississippian/Blue River and Sanders Group
Aquifer system in Monroe County and one sample from the
Tipton Till Plain Aquifer subsystem in Randol ph County con-
tain strontium concentrations in excess of the health advisory
(see appendix 4). In addition to these 5 wells, fifteen others
have strontium concentrations greater than 5 mg/L. Seven of
these were in Randolph County and all but one of the rest
were in Greene, Owen and Monroe Counties.
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Sources of strontium in ground water are generaly the
trace amounts of strontium present in rocks. The strontium-
bearing minerals celestite (SrSO,) and strontianite (SrCO,)
may be disseminated in limestone and dolomite. Also,
celestite is associated with gypsum deposits, which occur in
the rocks of the Blue River and Sanders Group. These rocks
are located in Greene, Owen, and Monroe Counties. Silurian
rocks of several different lithologies may be the source of
high strontium and concentrations in Randolph County.

Because strontium and calcium are chemicaly similar,
strontium atoms may also be adsorbed on clay particles by
ion exchange (Skougstad and Horr, 1963). lon-exchange
processes may thus reduce strontium concentrations in
ground water found in clay-rich sediments.
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zZinc

Generally, significant dissolved quantities of the metal zinc
occur only in low pH or high-temperature ground water
(Davis and DeWiest, 1970). Concentrations of zinc in
ground-water samples from the West Fork White River basin
are plotted in figures 24a and b. Three hundred eleven of the
ground-water samples analyzed (approximately 84 percent)
contain levels below the detection limit of 0.1 mg/L for zinc.
None of the samplesanalyzed contain zinc in concentrations above
the 5 mg/L SMCL established for this congtituent (gppendix 2).

Lead

Naturally occurring minerals that contain lead are widely

dispersed, but have low solubility in most natural ground
water. The co-precipitation of lead with manganese oxide and
the adsorption of lead on organic and inorganic sediment sur-
faces help to maintain low lead concentration levelsin ground
water (Hem, 1985). Much of the lead present in tap water
may come from anthropogenic sources, particularly lead sol-
der used in older plumbing systems. Because natural concen-
trations of lead are normally low and because there are so
many uncertainties involved in collecting and analyzing sam-
ples, lead was not analyzed in this study.

Total dissolved solids

Total dissolved solids (TDS) are a measure of the total
amount of dissolved minerals in water. Essentialy, TDS rep-
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resents the sum of concentrations of al dissolved constituents
in awater sample. In general, if aground-water sample has a
high TDS level, high concentrations of major constituents
will also be present in that sample. The secondary maximum
contaminant level (SMCL) for TDS is established at 500
mg/L. Drever (1988), however, defines fresh water (water
sufficiently dilute to be potable) as water containing TDS of
less than 1000 mg/L.

More than 81 percent of the samples collected from wells
in the West Fork White River basin contain TDS levels that
exceed the SMCL. The lowest median TDS level is observed
in samples from the Mississippian/Buffalo Wallow,
Stephensport and West Baden Groups Aquifer system, which
is the only aquifer system having a median TDS level below
the SMCL (appendix 4); however, this system also displays
the greatest variability in TDS levels. The lowest median TDS
level in the unconsolidated aquifer systems is dlightly above
the SMCL and is observed in samples from the White River
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and Tributaries Outwash Aquifer system (appendix 4).
Although the lowest median values for TDS occur in a
bedrock aquifer system, in general TDS values are higher in
the bedrock aquifer systems in the basin than in the uncon-
solidated deposits. Median TDS levels are more variable in
the bedrock aquifer systems than in the unconsolidated sys-
tems, as both the highest and lowest median TDS levels occur
in the bedrock systems. Three of the bedrock aquifer systems,
the Devonian and Mississippian/New Albany Shale, the
Pennsylvanian/Carbondale Group, and the
Pennsylvanian/M cL eansboro Group, have the highest median
TDS levels of al agquifer systems, which are approximately
700 mg/L. Some of the highest TDSlevelsare observed in the
Pennsylvanian/Raccoon Creek Group Aquifer system. Of the
16 bedrock well samples exceeding 1000 mg/L, eleven occur
in this aquifer system. In contrast, only one of the unconsoli-
dated aquifer systems has a median TDS level above 600
mg/L, which is the White River and Tributaries Outwash
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Subsystem at 635 mg/L. Figures 25a and b display the spa-
tial distribution of ground-water TDS levels for the unconsol-
idated and bedrock aquifer systems in the West Fork White
River Basin.

Because of the wide range in solubility of different miner-
als, one of the principal influences on TDS levels in ground
water is the minerals that come into contact with the water.
Water in contact with highly soluble minerals will probably
contain higher TDS levels than water in contact with less sol-
uble minerals. Amount of carbonate materials and ground-
water residence time also exert substantial control over the
levels of chemical constituents in ground water.

In an aquifer where ground-water flow is very sluggish and
flushing of the aguifer is minimal, ground water can reach a
state of chemical saturation with respect to dissolved solutes.
Areas of active ground-water flushing generally have lower
TDS values.

lon-exchange processes in clays can also increase TDS

because, in order to maintain electrical charge balance, two
monovalent sodium or potassium ions must enter solution for
each divalent ion absorbed. Clay minerals can have high
cation-exchange capacities and may exert a considerable
influence on the proportionate concentration of the different
cations in water associated with them (Hem, 1985). The
exchange of calcium for sodium resultsin high sodium levels,
and total dissolved solids increase in ground water when cal-
ciumions are exchanged for sodium ions (Freeze and Cherry,
1979).

Shale and other fine-grained sedimentary rocks (referred to
as hydrolyzates) are composed, in large part of clay minerals
and other fine-grained particulate matter that has formed by
chemical reactions between water and silicates. Shale and
similar rocks may be porous but do not transmit water readi-
ly because openings are very small and are poorly intercon-
nected. Many such rocks were originally deposited in saltwa-
ter, and some of the solutes may remain in the pore space and
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Figure 24a. Distribution of Zinc concentrations for sampled wells - Unconsolidated aquifers

attached to the particles for long periods after the rock has
been formed. As a result, the water obtained from a
hydrolyzate rock may contain rather high concentrations of
dissolved solids. If they are interbedded with rocks that are
more permeable, there can be migration of water and solutes
from the hydroyzates into the aquifers with which they are
interbedded. Although it is not necessarily true for all waters
associated with hydrolyzates, such waters commonly share
one dominant characteristic; sodium is their principal cation.

The high TDS levels in the Pennsylvanian bedrock aquifer
systems could reflect long residence times and cation
exchange in bedrock systems that contain a high percentage
of shale. The high TDS level is a factor that prevents deep
bedrock formations from being considered practical sources
of potable ground water in the West Fork White River basin.

Total dissolved solids levels may aso be influenced by
ground-water pollution. Road salting, waste disposal, mining,
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landfills, and runoff from urban or agricultural areas are some
human factors that may add dissolved constituents to ground
water. Coal mining in the Pennsylvanian bedrock may aso
play an important role in the high TDS valuesin those aquifer
systems within and adjacent to the mines.

Radon

Radon is a radioactive noble gas produced by the decay of
radium. Uranium minerals in rocks are the source of radium.
The primary source of the radon gas in ground water is the
radium in the agquifer material (Hem, 1985). Radon subse-
guently undergoes decay by emitting an alpha particle (posi-
tively charged helium nucleus). When ingested or inhaled
over an extended period of time, radon and some of its decay
products can cause cancer. Radon levels are measured in pic-
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ocuries per liter (pCi/L). An activity of one pCi/L is approxi-
mately equal to the decay of two atoms of radon per minute
in a liter of air or water. At present, no Maximum
Contaminant Level (MCL) has been established for radon in
drinking water; however, the Environmental Protection
Agency has proposed an MCL of 300 pCi/L

One hundred seventy-six of the 372 ground-water samples
taken for this study were analyzed for radon. The bedrock
aquifers generally exhibit greater variability in median radon
activity than the unconsolidated aquifers (appendix 4). The
Mississippian/Borden Group and the Blue River and Sanders
Groups have the highest median activity in the bedrock
aquifer systems. In the unconsolidated aquifer systems, the
Dissected Till and Residuum aquifer system has the highest
median radon activity. Fourteen samples have activity greater
than 1000 pCi/L. All but one of these are from bedrock
aquifers. Ten are from the Mississippian aquifer systems.

Four aquifer systems: (Buried Valley, Lacustrine and
Backwater Deposits, Devonian and Mississippian/New
Albany Shale, and Mississippian/Buffalo Wallow,
Stephensport, and West Baden Group) have fewer than 4 sam-
ples, so they are not included in the median comparison.

Pesticides

Because agriculture is an important form of land use in
Indiana, pesticides are widely used in the state to control
weeds and insects. In 1990, for example, a reported 28 mil-
lion pounds of corn and soybean pesticides were used
throughout the state (Risch, 1994). The widespread use of
pesticides has created concerns about possible adverse affects
that these chemicals may have on the environment. Among
these concerns is the possihility that pesticides may contami-
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nate ground-water supplies.

Through a cooperative effort, the U.S. Geological Survey
and the Indiana Department of Environmental Management
have developed a statewide-computerized database contain-
ing analyses of pesticidesin ground-water samples. Thisdata-
base contains the results of 725 ground-water samples col-
lected during 6 statewide and 15 localized studies between
December 1985 and April 1991. Sources of data consist of the
U.S. Geological Survey, the Indiana Department of
Environmental Management, the Indiana Department of
Natural Resources, and the U.S. Environmenta Protection
Agency. A comprehensive summary of the pesticide database
was written by Risch (1994).

The pesticide database includes 47 water sample analyses
from 28 different wells in the West Fork White River basin
that were sampled in August 1989 through February 1990 as
apart of acooperative effort between the Indiana Department
of Environmental Management (IDEM) and the Indiana
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Department of Natural Resources (IDNR). The 28 wellsare a
subset of 372 wells sampled for inorganics by the DOW-IGS
as part of the West Fork White River basin water resource
assessment that were selected by Department of
Environmental Management staff for pesticide analysis (fig-
ure 26). The inorganic chemical analyses for the 28 samples
are included in appendix 1.

The 28 wells were sampled for 53 pesticides and 4 metabo-
lites. Fifteen of the wells were developed in bedrock; thirteen
in unconsolidated materials. No pesticides or Volatile Organic
Compounds (VOCs) were detected in the samples (Indiana
Department of Environmental Management, [1990]).

A major focus of a private well-water testing program in
Indiana (Wallrabenstein and others, 1994) is to collect infor-
mation on the presence of triazine herbicide and aachlor
(Lasso) in rural water supplies. The private testing program,
which is sponsored by the Indiana Farm Bureau, Soil and
Water Conservation Districts, County Health Departments,
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Resource Conservation and Development Districts, County
Extension Offices, and other local entities, usesimmunoassay
analysesto screen for triazine herbicides and alachlor. Nitrate
levelsin rural water supplies are also examined, as discussed
on the previous pages of this chapter under the heading of
Nitrate.

The triazine immunoassay screen indicates the presence of
one or more of the common triazine herbicides including
atrazine (AAtrex), cyanazine (Bladex), and simazine
(Princep), and some triazine metabolites. The alachlor screen
indicates the presence of alachlor (Lasso), metolachlor
(Dual), metalaxyl (Ridomil) or one of the related acetanilide
herbicides. The aachlor screen may also react to various
alachlor metabolites. The immunoassay procedures, thus do
not indicate which specific pesticide(s) is (are) present, but
will confirm the absence of triazine- or acetanilide-pesticides
at concentrations above the method detection limit (MDL). In
the assessment of data collected during the private-well

screening program, the researchers used the term "triazine" to
refer to triazine herbicides and their metabolites, and used the
term "acetanilide" in reference to aachlor, metolachlor and
related metabolites (Wallrabenstein and others, 1994).

The results of the triazine and alachlor screening were
assessed in terms of two standards; the detection limit (DL)
and the maximum contaminant level (MCL). The MCLs used
for this study were those for atrazine (3.0 ug/L) and aachlor
(2.0 pg/L). Samples were categorized into one of the follow-
ing four groups: 1) no triazine or acetanilide detected; 2) con-
centrations above DL, but less than one-haf MCL; 3) con-
centrations above one-half MCL up to the MCL; 4) concen-
trations above the MCL. The detection limits for triazine and
acetanilide for this study are reported as 0.05 micrograms per
liter (ug/L) or parts per billion (ppb) and 0.2 pg/L, respec-
tively. Because of the ambiguity in the analysis, well owners
whose samples contained levels of triazine in the range of 3.0
Mg/L or acetanilide in the range of 2.0 pg/L were encouraged
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Figure 26. Location of pesticide samples for West Fork White Study (Cooperative effort between Indiana
Department of Natural Resources - Division of Water and Indiana Depatment of
Environmental Management - Ground Water Section)

to have another sample analyzed with gas chromatographic
methods (Wallrabenstein and others, 1994).

All but three of the 29 counties (table 1) that lie partially
within the West Fork White River basin participated in the
Farm Bureau study: Greene, Pike, and Randolph. However,
only the statistics for the counties that have more than 50 per-
cent of their area encompassed within the West Fork White
River basin were closely examined for inclusion in this dis-
cussion: Clay, Daviess, Delaware, Hamilton, Hendricks,
Knox, Madison, Marion, Morgan, Owen, and Putnam.
Statistics for counties that have less than 50 percent, but more
than 35 percent of their area in the basin (Boone, Johnson,
Monroe, and Tipton) were also briefly examined to provide a
comprehensive picture of triazine and alachlor values in the
basin.
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Ninety-six percent of the samples analyzed for the major
counties in the basin had concentrations of acetanilide below
the detection limit of 0.2 mg/L. However, some samples from
all but 3 of the counties (Marion, Monroe, and Tipton) con-
tained acetanilide concentration levels above detection. Nine
samples, or approximately 0.3 percent of samples taken,
reported concentrations greater than 2.0 mg/L. Hendricks,
Clay, and Johnson Counties had the highest humber of sam-
ples at the higher levels. However, Knox and Clay Counties,
both counties having small sample sizes, had the highest per-
centage of detectable levels of acetanilide.

Ninety-four percent of the samples analyzed had concen-
trations of Triazine below the detection limit of 0.05 mg/L.
However, samples from each county under consideration con-
tained triazine concentration levels above detection limits.



Only two counties, Davies and Putnam, had samples exceed-
ing 3 mg/L.

Throughout the state, over 90 percent of the water samples
analyzed for the Indiana Farm Bureau pesticide study con-
tained no detectable amounts of triazine or acetanilide. The
MCL for triazine was exceeded in only 0.1 percent of all sam-
ples. Approximately 1.6 percent of all samples contained
acetanilide levels above 2.0 pg/L, however, the majority of
acetanilide detects were believed to be caused by a soil
metabolite of alachlor (Wallrabenstein and others, 1994). In
general, triazine and acetanilide were most frequently detect-
ed in shallow (less than 50 feet deep) wells. Furthermore,
samples collected from dug or driven wells (generally shal-
low) contained a higher percentage of detects than samples
collected from drilled wells. The occurrence of detectable
concentrations of triazine and acetanilide in ground water
suggests that shallow, poorly-constructed (not well-sealed)
wells may be especially susceptible to pesticide contamina-
tion.

In 1991, the U.S. Geological Survey (USGS) began the
National Water-Quality Assessment (NAWQA) Program. The
long-term goals of the NAWQA Program are to describe the
status and trends in the quality of the Nation's surface and
ground water and to provide a sound scientific understanding
of the primary natural and human factors affecting the quali-
ty of these resources (Hirsch and others, 1988). The White
River basin in Indianawas one of the basins chosen for study.
The study includes both the West Fork and the East Fork
White River Water Management basins of Indiana

Synthesizing data analysis was a major component of the
NAWQA program. One of the first topics addressed in the
program was pesticides. Carter and others (1995) presented a
retrospective analysis of available pesticide data, 1972-92, for
the White River Basin (West Fork and East Fork). It included
data on the occurrence of pesticides in streams, stream-bot-
tom sediments, fish, and ground waters. Of 101 wells sam-
pled throughout the White River Basin for a variety of pesti-
cides, detectable concentrations of pesticides were found at
only 4 wells. Water from three of the four wells was contam-
inated with atrazine. The metabolite-to-parent compound
ratio for atrazine is higher in ground water than in surface
water. Based on limited amounts of data, atrazine concentra-
tions in ground water at wells appear to fluctuate seasonaly;
atrazine concentrations are found to be more elevated later in
the year in ground water than in surface waters. Thistime lag
may be because the travel time of atrazine through the unsat-
urated zone to the aquifersis relatively long, or because the
aquifers are storing contaminated water from nearby surface-
water sources during the spring flush of herbicides. All of the
wells where detectable amounts of atrazine were found arein
outwash aquifers, indicating that this aquifer type may be par-
ticularly susceptible to water-soluble pesticide contamina-
tion.

Overall, shallow ground water in regions of high hydraulic
conductivity have higher water-soluble pesticide concentra-
tionsin shallow ground water than ground water in regions of
low hydraulic conductivity. The physical properties of over-
lying material seem to be the main factors determining the

concentrations of pesticides in shallow aquifers and ground-
water wells, although a variety of other factors, such as land
use and farming practices, also can affect observed concen-
trations.

From June 1994 through August 1995, additional datawere
collected in the White River basin for the NAWQA program
to determine the occurrence of pesticides in the shallow
ground water of the basin (Fenelon and Moore, 1996a).

Findings of the study:

» Most of the pesticides that were analyzed for, including
all 11 insecticides, were not detected above the reporting limit
in any well.

» Seven herbicides and one atrazine metabolite (desethyl
atraziane, a breakdown product of atrazine) were detected at
least once. Of these eight compounds, only four-atrazine,
desethyl atrazine, metolachlor, and metribuzin-were detected
more than twice. The highest measured concentration of any
compound detected was 0.19 mg/L (micrograms per liter) of
alachlor, whereas the most frequently detected compound
was desethyl| atrazine (14 of 94 samples).

* No pesticide [sampled for] was present in a concentration
that exceeded a U.S. Environmental Protection Agency
(USEPA) national drinking-water standard or guideline.

* The occurrence of pesticides in shallow ground water in
the White River Basin contrasts with conditions observed in
the White River at a site near the mouth of the river at
Hazleton, Indiana (Crawford, 1995). A significantly greater
frequency of detections and much higher concentrations of
atrazine and metolachlor were observed in the river than in
the ground water.

» The greatest percentage of wells (42 percent) where at
least one pesticide was detected are on agricultural land over-
lying fluvial deposits.

* Pesticides in ground water underlying agricultural areas
of thetill plain and glacial lowland were uncommon.

*» The lowest percentage (12 percent) of wellswhere at least
one pesticide was detected are on urban land overlying fluvial
deposits.

Other recent ground-water sampling studies

Other primary topics addressed by the National Water-
Quality Assessment (NAWQA) Program besides pesticides
are: nutrients, volatile organic compounds and aguéatic biolo-
gy. The following is a summary of the findings of the White
River study regarding nutrients and volatile organic com-
pounds in ground water.

Martin and others (1996) assessed water-quality in the
White River Basin by examining analysis of selected infor-
mation on nutrients, 1980-92. Ground-water-quality data
from 101 wells were used to determine the effect of aquifer
type, well depth, well type, and season on nutrient concentra-
tions in ground water. Median concentrations of ammonia
were highest (0.25 mg/L) in till aquifers composed of buried
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sand and gravel lenses, probably because of biochemical
reduction of nitrate to ammonia. Concentrations of nitrate in
till aquifers were low, probably because till reduced the
downward percolation of soil water and because reducing
conditions enabled denitrification and biochemical reduction
of nitrate to ammonia. Median concentrations of nitrate were
highest in karst aquifers, probably because macropore, sink-
holes, and other solution features provided a direct connec-
tion of surface and ground water through preferential flow
paths from the clayey mantle to the karst aquifer.
Concentrations of ammonia generally were higher in deep
wells, whereas concentrations of nitrate generally were high-
er in shallow wells. High ammonia concentrations at depth
may have been caused by nitrate by the downward percola-
tion of nitrogen-containing soil water from the land surface.
Refer to the Nitrate section of this report for additional
details.

Another component of the White River Basin study is to
determine the occurrence of volatile organic compounds
(VOCs) in the shallow ground water of the basin. VOCs are
of national concern because some of the compounds are toxic
and (or) carcinogenic. Fenelon and Moore (1996b) present
the findings from VOC data collected from 100 monitoring
wells from June 1994 through August 1995. The study
includes both the West Fork and the East Fork White River
Water Management basins of Indiana.

Findings of the study:

 Twelve of the 58 VOCs that were analyzed for in ground
water samples were detected at or above the reporting limit in
at least 1 of the 91 shallow wells.

 Chloroform (trichloromethane) was the most commonly
detected VOC, whereas the highest measured VOC concen-
tration was 39 mg/L (microgram per liter) of 1,1-
dichloroethene.

* No VOC had a measured concentration in ground water
that exceeded a national drinking-water standard or guideline
for public water supplies.

» Samples from shallow wells in the nine pairs of shallow
and deep wells had a greater frequency of detections and
higher concentrations of VOCs than samples from the deep
wells.

* VOCs were detected in only 4 of the 66 wells in agricul-
tural settings.

* Most of the ground water with detectable VOCs in the
White River Basin underlies urban land. Slightly more than
half of the shallow wellsin urban settings, as compared to six
percent of the shallow wells in agricultural settings, had at
least one VOC detected above the reporting limit.

* Chloroform was the most frequently detected VOC (40
percent of wells) in ground water underlying urban land. The
median detected concentration of chloroform in urban set-
tings was 0.5 mg/L; all of the chloroform detections were in
Indianapolis.

« A likely source of the low concentrations of chloroformin
ground water underlying urban land in the White River Basin
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is chlorinated public-supply water.
» Atmospheric deposition is probably a minor source of
chloroform in ground water.

Ground-water contamination

A ground-water supply, that under natural conditionswould
be acceptable for a variety of uses, can be adversely affected
by contamination from human activities. Contamination, as
defined by the Indiana Department of Environmental
Management, occurs when levels of contaminants are in
excess of public drinking-water standards, or health protec-
tion guidance levels promulgated by the USEPA.

Over the past 100 yearsindustrial and agricultural practices
that accompany development have created ample opportunity
for ground-water contamination in the West Fork White River
basin. Numerous potential sources for ground-water contam-
ination exist in the West Fork White River basin, including
sanitary landfills, sewage treatment plants, industrial facili-
ties, agricultural operations, septic and underground storage
tanks, and road-salt storage facilities.

Some cases of actual ground-water contamination have
been identified in the basin. The Indiana Department of
Environmental Management (IDEM), Ground-Water Section,
maintains a database of Indiana sites having ‘confirmed'
ground-water contamination. The 1998 and 2000 Indiana
Water Quality Reports produced by the Indiana Department
of Environmental Management, Office of Water
Management, Planning Branch provide an overview of the
ten highest priority sources of ground-water contamination in
Indiana and the associated contaminants impacting ground-
water quality; a summary of Indiana ground-water protection
efforts is also included. In these reports, IDEM summarizes
the ground water contamination sites in ground water in the
White, West Fork White, and Patoka River basins by hydro-
geologic settings developed by Fleming and others, 1995.
Nitrates were identified by IDEM as the contaminant most
often encountered in ground water.

Susceptibility of aquifersto surface contamination

Because contaminants can be transmitted to the ground-
water system by infiltration from the surface, the susceptibil-
ity of an agquifer system to contamination from surface
sources depends in part on the type of material that formsthe
surface layer above the aquifer. In general, sandy surficia
sediments can easily transmit water from the surface, but pro-
vide negligible filtering of contaminants. Clay-rich surficia
deposits, such as glacia till, generally have lower vertical
hydraulic conductivity than sand and gravel deposits, thereby
limiting the movement of contaminated water. However, the
presence of fractures can locally decrease the effectiveness of
a till in protecting ground water. The differences in basic
hydrologic properties of sands and clays make it possible to
use surficial geology to estimate the potential for ground-
water contamination.



The highly complex relationships of the various glacial
deposits in the West Fork White River basin preclude site-
specific comments about susceptibility of the regional aquifer
systems to contamination. However, a few gross generaiza
tions can be made here. Additional detail on susceptibility of
hydrogeologic settings in the state are available in Fleming
and others, 1995.

The Tipton Till Plain aguifer system consists chiefly of
intratill lenses of outwash sand and gravel that are highly
variable in depth and lateral extent and are confined by vari-
ably thick clay or till sequences. It generally is considered to
have low susceptibility to surface contamination.

The Tipton Till Plain Subsystem aquifer system is com-
posed primarily of glacia tills that contain intratill sand and
gravel of limited thickness and extent. It is similar to the
Tipton Till Plain agquifer system but is generally considered
moderately vulnerable to surface contamination. This system
islocated in many areas where the bedrock is shallow and till
cover overlying the sand and gravel is thin.

The Dissected Till and Residuum aquifer system, consist-
ing of thin, eroded residuum and predominantly pre-
Wisconsin till overlying bedrock dominates the southern por-
tions of the basin. Because of the low permeability of the sur-
face materials, this system is not very susceptible to contam-
ination from surface sources.

The water-bearing units of the White River and
Tributaries Outwash aquifer system are unconfined, usually
fairly shallow, and are characterized by thick sequences of
sand and gravel with little clay. This aquifer system is highly
susceptible to contamination due to its lack of clay layers and
shallow water levels.

White River and Tributaries Outwash Subsystem
aquifer system, adjacent to the White River and Tributaries
Outwash Aquifer system, consists of thick zones of sand and
gravel that have been covered by alayer of clay or till. In gen-
eral, this system is highly susceptible to surface contamina-
tion. Although the overlying clay or till may provide some
protection to the confined portions of the White River and
Tributaries Outwash Subsystem Aquifer system, in many
places surficial valley train deposits coal esce with the deeper
outwash deposits making them more vulnerable. Two small
areas of this system in Gibson and Knox Counties have thick
layers of clay overlying the sand and gravel making them
moderately susceptible to surface contamination.

The Lacustrine and Backwater Deposits aquifer system
that is made up of discontinuous bodies of deposits extending
aong areas of outwash close to the West Fork White River
Valley. These bodies are marked by thick deposits of soft silt
and clay that have low susceptibility to surface contamination

The Buried Valley aquifer system has a low susceptibility
to surface contamination because outwash sediments within
the bedrock valleys are generally overlain by tills. Although
lenses of outwash sand and gravel may occur within thetills,
the predominance of fine-grained sediments above the
bedrock valleys limits the migration of contaminants from
surface sources to the deep aquifers.

The susceptibility of bedrock aquifer systems to surface
contamination is dependant on the nature of the overlying

sediments, because the bedrock throughout the basin is over-
lain by unconsolidated deposits. Just as recharge for bedrock
aquifers cannot exceed that of overlying unconsolidated
deposits, susceptibility to surface contamination will not
exceed that of overlying deposits. However, because the
bedrock aquifer systems have complex fracturing systems,
once a contaminant has been introduced into a basin bedrock
aquifer system, it will be difficult to track. The outcrop/sub-
crop area of the Blue River and Sanders Groups is well
known for significant karst devel opment. Because of the shal-
low rock, open joints, and solution channels the aquifer sys-
tem is quite susceptible to contaminants introduced at and
near land surface. In the outcrop/subcrop area of the Buffalo
Wallow, Sephensport, and West Baden Groupstherock is
predominantly shallow and contains numerous, irregular
joints. In limited areas some karst has developed in the lime-
stone beds. These conditions warrant considering the aquifer
system as a whole to be somewhat susceptible to contami-
nants introduced at and near land surface. In areas where the
Silurian and Devonian Carbonates are overlain directly by
unconfined sand and gravel outwash, the bedrock is highly
susceptible to surface contamination. In general, the
Pennsylvanian bedrock aquifer systems are not very suscepti-
ble to contamination from the land surface.

Regional estimates of aquifer susceptibility can differ con-
siderably from local reality. Variations within geologic envi-
ronments can cause variation in susceptibility to surface con-
tamination. Also, man-made structures such as poorly-con-
structed water wells, unplugged or improperly-abandoned
wells, and open excavations, can provide contaminant path-
ways which bypass the naturally-protective clays. In contrast,
man-made structures can also provide ground-water protec-
tion that would not normally be furnished by the natural envi-
ronment. For example, large containment structures can
inhibit infiltration of both surface water and contaminants.
Current regulations administered by the Indiana Department
of Environmental Management (IDEM) contain provisions
for containment structures, thereby permitting many opera-
tionsto occur that would otherwise provide an increased con-
tamination risk to soils and the ground water. Other regula-
tions administered by the IDNR regulate the proper construc-
tion of new wells and sealing (plugging) of abandoned wells,
whether related to petroleum or water production.

Protection and management of ground-water resources

Major ground-water management and protection activities
in Indiana are administered by the Indiana Department of
Environmental Management (IDEM), Indiana Department of
Natural Resources (IDNR), and the Indiana State Department
of Health (ISDH). An expanded cooperative effort in the form
of the Inter-Agency Ground-Water Task Force involves rep-
resentatives of these three agencies as well as the State
Chemist, State Fire Marshal, and members of local govern-
ment, labor, and the business, environmental and agricultural
communities. The Task Force was first formed in 1986 to
develop a state ground-water quality protection and manage-

Ground-Water Quality 73



ment strategy and is mandated by the 1989 Ground Water
Protection Act (IC 13-7-26) to coordinate the implementation
of this strategy. The strategy is an agenda of state action to
prevent, detect, and correct contamination and depletion of
ground water in Indiana (Indiana Department of
Environmental Management, 1986). The 1989 act also
requires the IDEM to maintain a registry of contamination
sites, operate a clearinghouse for complaints and reports of
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ground-water pollution, and investigate incidents of contami-
nation that affect private supply wells.

The 1998 and 2000 Indiana Water Quality Reports pro-
duced by the Indiana Department of Environmental
Management, Office of Water Management, Planning Branch
provide a summary of Indiana ground-water protection
efforts.



GLOSSARY

ablation-the melting of aglacier and associated depositional processes. An
ablation complex is a heterogeneous assemblage of till-like sediment,
sand and gravel, and lake deposits formed during the disintegration of
aglacier

accretionary-in this usage, describes the gradual addition of new land to
old by the deposition of sediment carried by stream flow

acetanilide-a white, crystalline organic powder (CH3CONHC6H5) used
chiefly in organic synthesis and in medicine for the treatment of
headache, fever and rheumatism

alluvial-pertaining to or composed of aluvium

alluvium-fine- to coarse-grained sediment deposited in or adjacent to mod-
ern streams and derived from erosion of surface sediments elsewherein
the watershed or from valley walls

anhydrite-a mineral consisting of anhydrous calcium sulfate: CaSO4; it
represents gypsum without its water of crystallization, and it alters
readily to gypsum. It usually occurs in white or slightly colored, gran-
ular to compact masses

anion-an atom or molecule that has gained one or more electrons and pos-
sess a negative electrical charge

anthropogenic-relating to the impact or influence of humans or human
activities on nature

aquifer-a saturated geologic unit that can transmit significant quantities of
water under ordinary hydraulic gradients

aquifer system-a heterogeneous body of permeable and poorly permeable
materials that functions regionally as a water-yielding unit; it consists
of two or more aquifers separated at least locally by confining units that
impede ground-water movement, but do not affect the overall hydraulic
continuity of the system

aquitard-a confining layer that retards but does not prevent the flow of
water to or from an adjacent aquifer

arenaceous-said of a sediment or sedimentary rock consisting wholly or in
part of sand-size fragments, or having a sandy texture or the appearance
of sand

argillaceous-pertaining to, largely composed of, or containing clay-sized
particles or clay minerals

artesian-see confined

backwater-water held or forced back, as by a dam, flood, tide, etc.

basal tills-refers to tills originating from the zone of the glacier near the
bed

base flow-the portion of stream flow derived largely or entirely from
ground-water discharge

basement rocks-the crust of the Earth below sedimentary deposits

bioclastic vuggy dolomite-a calcium magnesium carbonate rock which
consists primarily of fragments or broken remains of organisms (such
as shells) and which contains small cavities usually lined with crystals
of adifferent mineral composition from the enclosing rock

calcareous-describes a rock or sediment that contains calcium carbonate

carbonate-in this usage, a rock consisting chiefly of carbonate minerals
which were formed by the organic or inorganic precipitation from aque-
ous solution of carbonates of calcium, magnesium, or iron; e.g. lime-
stone and dolomite

carcinogenic-capable of producing a cancer

cation-an atom or molecule that has lost one or more electrons and pos-
sesses a positive charge

clastic-pertaining to a rock or sediment composed principally of broken
fragments that are derived from preexisting rocks or minerals and that
have been transported some distance from their places of origin; also
said of the texture of such arock

colluvial-pertaining to colluvium

colluvium-loose rock debris at the foot of aslope or cliff deposited by rock
falls, landslides and slumpage

cone of depression-a depression in the ground water table or potentiomet-
ric surface that has the shape of an inverted cone and develops around
awell from which water is being withdrawn. It defines the area of influ-
ence of awell

confined-describes an aquifer which lies between impermeable forma-
tions; confined ground-water is generally under pressure greater than
atmospheric; also referred to as artesian

contact-a plane or irregular surface between two types or ages of rock

contaminant (drinking water)-as defined by the U.S. Environmental
Protection Agency, any physical, chemical, biological, or radiological
substance in water, including constituents which may not be harmful

contempor aneous-formed or existing at the same time

cuesta-a hill or ridge with a gentle slope on one side and a steep slope on
the other

cyclothem-a cycle applied to sedimentary rocks to describe a series of beds
deposited during a single sedimentary cycle of the type that prevailed
during the Pennsylvanian Period. Cyclothems are typically associated
with unstable shelf or interior basin conditions in which alternate
marine transgressions and regressions occur; nonmarine sediments usu-
aly occur in the lower half of a cyclothem, marine sediments in the
upper half

debris-flow-body of sediment that has moved downslope under the influ-
ence of gravity; may be derived from awide variety of pre-existing sed-
iments that are generally saturated and may be deposited on or against
unstable substrates, such as glacia ice; flowage occurs when the sedi-
ments lose their cohesive strength and liquify. Mud flows are a variety
of debris flow composed primarily of fine-grained sediment such as silt
and clay. Historically, debris flows formed by flowage of soft till have
been referred to as flow till. Because ancient mudflows frequently
resemble glacial till they are sometimes referred to astill-like sediment

detection limit-is the amount of constituent that produces a signal suffi-
ciently large that 99 percent of the trials with the amount will produce
a detectable signal 5X the instrumental detection limit

differential erosion-erosion that occurs at irregular or varying rates,
caused by the differences in the resistance and hardness of surface
materials: softer and weaker rocks are rapidly worn away; whereas
harder and more resistant rocks remain to form ridges, hills, or moun-
tains

disconfor mity-term used to refer to rock formations that exhibit parallel
bedding but have between them a time break in deposition

dischar ge-see discharge area

dischar ge ar ea-region where ground water is moving toward, and general-
ly appearing at the land surface or in a surface water body

divalent-having avalence of two, the capacity to unite chemically with two
atoms of hydrogen or its equivalent

dolomitic-dolomite-bearing, or containing dolomite; esp. said of a rock
that contains 5 to 50 percent of the mineral dolomite in the form of
cement and/or grains or crystals; containing magnesium

down-dip-adirection that is downwards and parallel to the dip (angle from
the horizontal) of a structure or surface

drainage basin-the land area drained by a river and its tributaries; also
called watershed or drainage area

drawdown (ground water)-the difference between the water level in a
well before and during pumping

end mor aine-see moraine, end

epicontinental-situated on the continental shelf or on the continental inte-
rior

escar pment-a long, more or less continuous cliff or relatively steep slope
facing in one general direction, breaking the continuity of the land by
separating two level or gently sloping surfaces, and produced by ero-
sion or by faulting

esker -narrow, elongate ridge of ice-contact stratified drift believed to form
in channels under a glacier

evapotranspiration-a collective term that includes water discharged to the
atmosphere as a result of evaporation from the soil and surface-water
bodies and by plant transpiration

evaporite-see evaporitic deposits

evaporitic deposits-of or pertaining to sedimentary salts precipitated from
aqueous solutions and concentrated by evaporation

exposure-in this usage, (geology) an area of arock formation or geologic
structure that isvisible, either naturally or artificialy, i.e. is unobscured
by soil, vegetation, water, or the works of man; also, the condition of
being exposed to view at the earth's surface

facies-features, such as bedding characteristics or fossil content, which
characterize a sediment as having been deposited in a unique environ-
ment

fan-body of outwash having a fan shape and an overall semi-conical pro-
file; generally deposited where a constricted meltwater channel
emerges from an ice margin into a large valley or open plain. The fan
head represents the highest and most ice-proximal part of the fan and
commonly emanates from an end moraine or similar ice marginal fea-
ture. lce-contact fans were deposited up against or atop ice and are
commonly collapsed and pitted. Meltwater along the toe of the fan
commonly occupies fan-marginal channels

fault-(structural geology) a fracture or a zone of fractures along which
there has been displacement of the sides relative to one another parallel
to the fracture

flow till-see debris flow

flowing well-a well completed in a confined aquifer in which the hydro-
static pressure is greater than atmospheric pressure, and the water rises
naturally to an elevation above land surface

fluvial-of or pertaining to rivers
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fossiliferous-containing fossils, which are preserved plant or animal
imprints or remains

gamma-ray logs-the radioactivity log curve of the intensity of natural
gamma radiation emitted from rocks in a cased or uncased borehole. It
is used for correlation, and for distinguishing shales and till (which are
usualy richer in naturaly radioactive elements) from sand, gravel,
sandstone, carbonates, and evaporites

geode-a hollow or partly hollow and globular or subspherical body, from
2.5 cm to 30 cm or more in diameter, found in certain limestone beds
and rarely in shales

glacial lobe-segment of a continental ice sheet having a distinctive flow
path and lobate shape that formed in response to the development of
regional-scale basins (e.g., Lake Erie) on the surface that the ice flowed
across. The shapes and flow paths of most of the individual glacial
lobesin this part of the upper Midwest were largely related to the forms
of the Great Lake basins. Each lobe was tens of thousands of sguare
milesin size and had flow patterns and histories that were distinct from
one another

glacial terrain-geographic region or landscape characterized by a genetic
relationship between landforms and the underlying sequences of sedi-
ments

glaciolacustrine-pertaining to, produced by, or formed in a lake or lakes
associated with glaciers

ground-water discharge-in this usage, the part of total runoff which has
passed into the ground and has subsequently been discharged into a
stream channel

gypsum-awidely distributed mineral consisting of hydrous calcium sulfate

health advisories (HAS)-provide the level of a contaminant in drinking
water at which adverse non-carcinogenic health effect would not be
anticipated with a margin of safety

hummocky-describes glacial deposits arranged in mounds with interven-
ing depressions

hydraulic conductivity-a parameter that describes the conductive proper-
ties of a porous medium; often expressed in gallons per day per square
foot; more specifically, rate of flow in gallons per day through a cross
section of one square foot under a unit hydraulic gradient, at the pre-
vailing temperature

hydraulic gradient-the rate of change in total head per unit of distance of
flow in a given direction

hydrostatic pressure-the pressure exerted by the water at any given point
in abody of water at rest. The hydrostatic pressure of ground water is
generally due to the weight of water at higher levels in the zone of sat-
uration

ice-contact fans-see fan

ice-contact stratified drift-glacial sediment composed primarily of sand
and gravel that was deposited on, against, or within glacier ice. These
depositstypically have highly irregular surface form due to the collapse
of the adjacent ice

igneous-describes rocks that solidified from molten or partly molten mate-
rial

immunoassay-is a quantitative or qualitative method of analysis for a sub-
stance which relies on an antibody or mixture of antibodies as the ana-
lytical reagent. Antibodies are produced in animalsin response to afor-
eign substance called an antigen. The highly sensitive and specific reac-
tion between antigens and antibodies is the basis for immunoassay tech-
nology

incised-describes the result of the process whereby a downward-eroding
stream deepens its channel or produces a narrow, steep-walled valley

infiltration-the process (rate) by which water enters the soil surface and
which is controlled by surface conditions

ion exchange-the process of reciprocal transfer of ions

kame-irregular ridge or roughly conical mound of sand and gravel with a
hummocky surface; usually formed in contact with disintegrating ice

kar st-topography characterized by closed depressions or sinkholes, caves,
and underground drainage formed by dissolution of limestone,
dolomite, or gypsum

lacustrine-pertaining to, produced by, or formed in alake or lakes

lacustrine sediment-sediment deposited in lakes; usually composed of
fine sand, silt, and clay in various combinations

lithol ogic-describes the physical character of arock; includes features such
as composition, grain size, color, and type of bedding

lithology-the description of rocks, esp. in hand specimen and in outcrop, on
the basis of such characteristics as color, mineralogic composition, and
grain size

loam-describes a soil composed of a mixture of clay, silt, sand, and organ-
ic matter

mass movement-a unit movement of a portion of the land surface; gravi-
tative transfer of material down a slope
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maximum contaminant level-the maximum permissible level of a conta-
minant in water which is delivered to the free-flowing outlet of the user
of a public water system

median-middle value of a set of observations arranged in order of magni-
tude

meltwater -water resulting from the melting of snow or glacial ice

metabolite-a product of metabolic action

methemoglobinemia-a disease, primarily in infants, caused by the conver-
sion of nitrate to nitrite in the intestines, and which limits the blood's
ability to transport oxygen

monovalent-having avalence of one, the capacity to unite chemically with
one atom of hydrogen or its equivalent

mor aine-unsorted, unstratified glacial drift deposited chiefly by the direct
action of glacial ice

mor aine, end-a ridgelike accumulation of drift built along any part of the
outer margin of an active glacier; often arcuate in shape, end moraines
mark places along which the terminus of a glacier remained for rela-
tively long periods. Terminal moraines mark the ultimate extent of a
particular glacier, whereas recessional moraines are deposited where
the ice-margin stabilized for a period of time during the retreat of the
glacier

moraine, ground-material (primarily till) deposited from a glacier on the
ground surface over which the glacier moved, and generally forming a
region of low relief

muck-a highly organic dark or black soil less than 50 percent combustible

mud flow-see debris flow

outwash-sediment deposited by meltwater out in front of an ice margin;
usually composed of sand and/or gravel. An outwash plain is a broad
tract of low relief covered by outwash deposits, whereas an outwash
terrace is a relatively small flat or gently sloping tract that lies above
the valley of a modern stream

outwash plain-see outwash

outwash terrace-see outwash

overconsolidated-refers to the consistency of unconsolidated sediment
that is much harder than would be expected from its present depth of
burial; fine-grained glacial sediments such as till are commonly over-
consolidated due to such processes as burial by ice or younger sedi-
ments, frequent wetting and drying, and freezing and thawing

paraconfor mably-this type of unconformity is a kind of disconformity in
which no erosion surface is discernible or in which the contact isasim-
ple bedding plane, and in which the beds above and below the break are
parallel

paired wells-in this usage, refers to multiple closely spaced observations
wells each set at a different depth for the purpose of determining the
hydrostatic pressure on different aquifers at the same location

per colate (geology)-to seep downward from an unsaturated zone to a satu-
rated zone

periglacial-said of the processes, conditions, areas, climates, and topo-
graphic features at the immediate margins of former and existing glac-
iers and ice sheets, and influenced by the cold temperature of the ice

per meability-the capacity of a porous medium to transmit a fluid; highly
dependent upon the size and shape of the pores and their interconnec-
tions

physiographic region-an area of characteristic soils, landforms, and
drainage that have been developed on geologically similar materials

physiography-in this usage, a description of the physical nature (form,
substance, arrangement, changes) of objects, esp. of natural features

pinnacle reefs-a term used in the Michigan Basin to apply to an isolated
stromatoporoid-algal reef mound, now dolomitized, in the Middle
Silurian rocks of the subsurface

piezometric surface-an imaginary surface representing the level to which
water from a given aquifer will rise under the hydrostatic pressure of
the aquifer

Pleistocene-geologic epoch corresponding to the most recent ice age;
beginning about 2 million years ago and ending approximately 10,000
years ago

porosity-the amount of pore space; specificaly, the ratio of the total vol-
ume of voids to the total volume of a porous medium

postdepositional-occurring after materials had been deposited

potable-water which is palatable and safe to drink: ie., fit for human con-
sumption

potentiometric surface-an imaginary surface representing the total head
of ground water in a confined aquifer that is defined by the level to
which water will rise in awell

pre Wisconsin-general term that refers to the part of the Ice Age prior to
about 75,000 years ago, during which many other glacial episodes at
least as extensive as those of the Wisconsin Age took place

prodeltaic-the part of adeltathat is below the effective depth of wave ero-



sion, lying beyond the delta front, and sloping gently down to the floor
of the basin into which the delta is advancing and where clastic river
sediment ceases to be a significant part of the basin-floor deposits

proglacial-occurring or being deposited directly in front of a glacier

provenance-a place of origin; specifically the area from which the con-
stituent materials of a sedimentary rock or facies are derived; also, the
rocks of which this areais composed

pumping test-a test conducted by pumping a well at a constant rate for a
period of time, and monitoring the change in hydraulic head in the
aquifer

recharge (ground water)-the process by which water is absorbed and
added to the zone of saturation

reducing-describes the process of removing oxygen from a compound

reef-aridgelike or moundlike structure, layered or massive, built by seden-
tary calcareous organisms, esp. corals, and consisting mostly of their
remains

regression-(stratigraphy) the retreat or contraction of the sea from land
areas, and the consequent evidence of such withdrawal

relict-said of atopographic feature that remains after other parts of the fea-
ture have been removed or have disappeared

residuum-(weathering) residue

runoff, (total)-the part of precipitation that appears in surface-water bod-
ies; it is the same as stream flow unaffected by artificial manipulation

saline-describes water that contains a high concentration of dissolved
solids, typically greater than 10,000 milligrams per liter

sandstone-a medium-grained clastic sedimentary rock composed of abun-
dant rounded or angular fragments of sand size set in a fine-grained
matrix (silt or clay) and more or less firmly united by a cementing
material

secondary maximum contaminant level-recommended, nonenforceable
standards established to protect aesthetic properties of drinking water,
such as taste and odor

sedimentary rock-formed by the deposition of sediment

seismic-pertaining to an earthquake or earth vibration, including those that
are artificially induced

shale-afine-grained detrital sedimentary rock, formed by the consolidation
(esp. by compression) of clay, silt, or mud

skewed-describes the state of asymmetry of a statistical frequency distrib-
ution, which results from a lack of coincidence of the mode, median,
and arithmetic mean of the distribution

slack water-a quiet part of, or atill body of water

sluiceway-valley or channel that conducted large amounts of glacial melt-
water through and/or away from a glacier; may or may not be occupied
by a modern stream; commonly associated with one or more former ice
margins

solution-(geology) a process of chemical weathering by which mineral and
rock materials passes into solution; e.g. removal of the calcium carbon-
ate in limestone by carbonic acid derived from rain-water containing
carbon dioxide acquired during its passage through the atmosphere

sour ce area-general geographic region that furnished the sediment supply
for aparticular deposit. Sediments deposited by different riversor glac-
iers can often be distinguished because their respective source areas dif-
fer in terms of the composition of bedrock and other sediments they
contain; see provenance

static water level-the level of water in awell that is not being affected by
withdrawal of ground water

stratigraphy-the geologic study of the formation, composition, sequence
and correlation of unconsolidated or rock layers

storage coefficient-the volume of water an aquifer releases from or takes
into storage per unit surface area of the aquifer per unit change in head

subcrop-a "subsurface outcrop” that describes the areal limits of a truncat-
ed rock unit at the buried surface of an unconformity

subjacent-being lower, but not necessarily lying directly below

swale-a slight depression, sometimes swampy, in the midst of generally
level land

tectonic-said of or pertaining to the forces involved in, or the resulting
structures or features of, tectonics or earth movements

terminal moraine-see moraine, end

till-unsorted sediment deposited directly from glacier ice with little or no
reworking by meltwater or mass movement; usually contains particles
ranging in size from clay to boulders

till-like sediment-see till and debris flow

till plain-an extensive area with a flat to undulating surface, underlain by
till and commonly covered by ground moraines and subordinate end
moraines

topogr aphy-the relief and contour of a surface, especidly land surface

toxic-describes materials which are or may become harmful to plants or
animals when present in sufficient concentrations

transgression-the spread or extension of the sea over the land areas

transmissivity-the rate at which water is transmitted through a unit width
of an aquifer under a unit hydraulic gradient

triazine-any of a group of chemicals containing three nitrogen and three
carbon atoms arranged in a six member ring and having the formula
C3H3NS3; also any of various derivative of these compounds including
several used as herbicides

tunnel valley-wide, linear channel oriented perpendicular to an ice margin
and eroded into the substrate below the ice sheet. A tunnel valley typi-
cally represents a major route for meltwater draining part of an ice
sheet, and exiting the front of that ice sheet

unconfined-describes an aquifer whose upper surface is the water table
which is free to fluctuate under atmospheric pressure

unconfor mably-not succeeding the underlying rocksin immediate order of
age or not fitting together with them as parts of a continuous whole

unconformity-a substantial break or gap in the geologic record where a
rock unit is overlain by another that is not next in stratigraphic succes-
sion

valley train-large, elongated body of outwash localized within the confines
of atopographic valley

water table-the upper surface of the zone of saturation below which all
voids in rock and soil are saturated with water

water shed-see drainage basin

Wisconsin Age-the most recent period of major glacial activity during the
ongoing ice age, perhaps beginning as long as 75,000 years ago and
continuing until about 10,000 years ago
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Magnesium
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Sulfate

#

40
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Calcium

Sodium
type or

dominant
type

20

20 ¢ )
type potassium Bicarbonate Cm@"e
type type
M. M. M. AVa M. M M. Y4
80 60 Ta 40 20 20 40 T 60 80
CATIONS PERCENT OF TOTAL ANIONS
MILLIEQUIVALENTS PER LITER
Buried Valley Aquifer System
(5 Samples)
Ca 80 60— 40 20 Na+K HCO3 +co3 20 40— 60 80 cl
Calcium (Ca) Chloride (Cl)
CATIONS %meq/l ANIONS
Appendix 3a. Piper trilinear diagrams of ground-water quality data for major unconsolidated aquifer systems
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Tipton Tillplain Aquifer System

(75 Samples)

Ca 80 60~—— 40 20 Na+K HOD! 1-(:03 20 40— 60 80 Cl
Calcium (Ca) Chloride (Cl)
CATIONS %meq/l ANIONS

Tipton Tillplain Aquifer Subsystem

(17 Samples)

Sq
%
®
e %
9}.
QL
N\
o)
2/
Ca 80 60— 40 20 Na+K HCO3 +co3 20 40 ———= 60 80 Cl
Calcium (Ca) Chloride (Cl)
CATIONS %meq/| ANIONS

Appendix 3b. Piper trilinear diagrams of ground-water quality data for major unconsolidated aquifer systems
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Dissected Till and Residuum Aquifer System

(17 Samples)
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2 %
0/:'

e

)
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)
2

A B
Ca 80 60— 40 20 Na+K H(.:O3 -1-(:03 20 40— 60 80 Cl
Calcium (Ca) Chloride (Cl)
CATIONS vemeq/! ANIONS

Lacustrine and Backwater Deposits Aquifer System

(4 Samples)

Ry

\)]

<
& e
¢ 3.

)
S
X%
2/

Ca 80 60— 40 20 Na+K HCO3 +EO3 20 40— 60 80 Cl
Calcium (Ca) Chloride (Cl)
CATIONS vemeq/t ANIONS

Appendix 3c. Piper trilinear diagrams of ground-water quality data for major unconsolidated aquifer systems
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White River and Tributaries Outwash Aquifer System

(32 Samples)

Ca 80 60— 40 20 Na+K Hco3 +co3 20 40— 60 80 cl
Calcium (Ca) Chloride (Cl)
CATIONS %meq/l ANIONS

White River and Tributaries Outwash Aquifer Subsystem

(7 Samples)

Ca 80 60<— 40 20 Na+K H(:O3 +c03 20 40— 60 80 Cl
Calcium (Ca) Chloride (Cl)
CATIONS %meq/| ANIONS

Appendix 3d. Piper trilinear diagrams of ground-water quality data for major unconsolidated aquifer systems
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Silurian and Devonian Carbonates Aquifer System

(34 Samples)

Ca 80 60— 40 20 Na+K HDD! -'-CO3 20 40— 60 80 cl
Calcium (Ca) Chloride (Cl)
CATIONS %meq/! ANIONS

Devonian & Mississippian--New Albany Shale Aquifer System

(5 Samples)

S9
@
\))
e %
>
)
V\T’“
(]
2/
@ ®
B
Ca 80 60— 40 20 Na+K HCO3 +CO3 20 40— 60 80 Cl
Calcium (Ca) Chloride (Cl)
CATIONS %meq/| ANIONS

Appendix 3e. Piper trilinear diagrams of ground-water quality data for major unconsolidated aquifer systems
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Mississippian--Buffalo Wallow, Stephensport, & W Baden Group Aquifer System

(11 Samples)

Ca 80 60— 40 20 Na+K HCO3 +C03 20 40— 60 80 Cl
Calcium (Ca) Chloride (Cl)
CATIONS Y%mea/l ANIONS

Pennsylvanian--Carbondale Group Aquifer System

(18 Samples)

S
o [000,
Ca 80 60— 40 20 Na+K HGD, +CO. 20 40— 60 80 cl
Calcium (Ca) 3 Chloride (Cl)
CATIONS Y%meq/l ANIONS

Appendix 3f. Piper trilinear diagrams of ground-water quality data for major unconsolidated aquifer systems
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Mississippian--Borden Group Aquifer System

(44 Samples)

Ca 80 60— 40 20 Na+K Hml +CO3 20 40— 60 80 cl
Calcium (Ca) Chloride (Cl)
CATIONS omeq/| ANIONS

Ca 80 60— 40 20 Na+K

Calcium (Ca)
CATIONS

Mississippian--Blue River and Sanders Group Aquifer System

(29 Samples)

HC +CO. 20 40— 60 80 Cl
P2 +0% Chloride (Cl)
%meq/l ANIONS

Appendix 3g. Piper trilinear diagrams of ground-water quality data for major unconsolidated aquifer systems
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Pennsylvanian--McLeansboro Group Aquifer System

(15 Samples)

Ca 80 60— 40 20 Na+K HCO3 +CO3 20 40— 60
Calcium (Ca) Chloride (Cl)
CATIONS %meq/| ANIONS

Pennsylvanian--Raccoon Creek Group Aquifer System

(59 Samples)

Ca 80 60~—— 40 20 Nesi HCOy -M::O3 20 40— 60 80 cl
Calcium (Ca) Chloride (Cl)
CATIONS %meq/! ANIONS

Appendix 3h. Piper trilinear diagrams of ground-water quality data for major unconsolidated aquifer systems
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T
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or less than indicated value
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(median}
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. 10th percentile

NATIONAL DRINKING-WATER
REGULATIONS

— = Maximum contaminant level (MCL)

—— —— Secondary maximum contaminant
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ANALYTICAL DETECTION

———————— Minimum concentration detectable
with procedures utilized
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104  Ground-water Resour ce Availability, West Fork and White River Basin

Tipton Till Plain

Tipton Till Plain Subsystem

White River Outwash

White River Subsystem

Buried Valley

Lacustrine and Backwater Deposits
Dissected Till and Residuum

Silurian and Devonian Carbonates

Devonian and Mississppia/New Albany Shde
Mississippian/Borden Group
Missssppiar/Blue River and Sanders Groups
Mississippian/Buffalo Wallow, Stephensport,
and West Baden Groups
Pennsylvanian/Raccoon Creek Group
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Appendix 4a. Statistical summary of selected water-quality constituents for aquifer systems
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Appendix 4b. Statistical summary of selected water-quality constituents for aquifer systems
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Appendix 4c. Statistical summary of selected water-quality constituents for aquifer systems
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Appendix 4d. Statistical summary of selected water-quality constituents for aquifer systems
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Appendix 4f. Statistical summary of selected water-quality constituents for aquifer systems
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Appendix 5. Standards and suggested limits for selected inorganic constituents

(All values except pH and are in milligrams per liter. If multiple uses have been designated, the most protective standard applies. Dash indicates no available criterion).

Aquatic life: Values for all constituents except iron, pH, selenium, and silver are 4-day average concentrations; selenium value is the 24-hour average; silver criterion
is not to be exceeded at any time. All values are chronic aquatic criteria which apply outside the mixing zone, except for silver which is the acute aquatic criterion.
Where applicable, trace metal standards were calculated using a hardness value of 325 milligrams per liter. Except where indicated, all values are from the Indiana
Water Pollution Control Board, 1992, IAC 327 2-1-6.

Public supply: Unless otherwise noted, values represent maximum permissible level of contaminant in water at the tap. National secondary regulations (denoted
sec) are not enforceable. All values are from the U.S. Environmental Protection Agency, 2001.

Irrigation and livestock: All values are from the U.S. Environmental Protection Agency, 1973.

Constituent Aquatic life Public supply Irrigation Livestock
Arsenic (trivalent) 0.190 0.01 0.10 0.2
Barium - 2.0 - -
Cadmium 0.003 0.005 0.01 0.05
Chloride 230 250 sec - -
Chlorine 0.011 - - -
Chromium (total) 0.052 0.1 0.1 1.0
Copper 0.032 1.0 sec 0.20 0.5
Cyanide 0.005 0.2 - -
Fluoride - 4.0 1.0 2.0
- 2.0 sec

Iron 1.00° 0.3 sec 5.0 -
Lead 0.014 0.015** 5.0 0.1
Manganese - 0.05 sec 0.20 -
Mercury (inorganic) 0.012* 0.002 - 0.01
Nickel 0.427 - 0.20 -
Nitrate (asnitrogen) - 10.0 - -

pH (standard unit) 6.0-9.0 6.5-8.5 sec 4.5-9.0 -
Selenium 0.035 0.05 0.02 0.05
Silver 0.015 0.1 sec - -
Sulfate - 250 sec - -
Total dissolved solids - 500 sec 500-1000 3000
Zinc 0.288 5 sec 2.0 25.0

* Value is in micrograms per liter

2 U.S. Environmental Protection Agency, 1973
b 1976

** Action Level
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